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THE  STORAGE  OF  BITUMINOUS  COAL 


Introduction 


1.  Interest  in  Storage  of  Coal. — One  result  of  the  coal  shortage 
during  the  winter  of  1917-1918  was  to  impress  upon  the  general  pub- 
lic, and  particularly  upon  the  Fuel  Administration,  the  necessity  of 
having  a  coal  pile  on  which  to  draw  in  time  of  stress  such  as  occurred 
during  the  winter  of  1918. 

Upon  the  recommendation  of  the  Illinois  Fuel  Administration,  a 
systematic  campaign  was  instituted  by  the  United  States  Fuel  Ad- 
ministration in  Washington,  urging  people  to  store  coal.  The  con- 
clusions and  recommendations  of  the  Engineering  Experiment  Station 
Circular  No.  6*  were  reprinted  in  condensed  form  and  given  wide 
publicity  by  several  State  Fuel  Administrations,  by  the  Retail  Coal 
Dealers  Association  of  Illinois  and  Wisconsin,  and  by  the  National 
Board  of  Fire  Underwriters.  As  a  result  of  this  campaign,  it  is  safe 
to  say  that  never  before  had  so  much  attention  been  paid  to  the  storage 
of  coal  as  was  the  case  in  the  spring  and  summer  of  1918. 

During  the  past  year  unusual  attention  has  also  been  given  to 
the  subject  of  coal  storage  in  England  and  in  Canada  and  the  con- 
clusions which  were  reached  in  these  countries,  and  which  will  be 
referred  to  later  in  fuller  detail,  agree  very  closely  with  the  experience 
in  the  United  States. 

Details  as  to  the  amounts  of  coal  in  storage  at  different  periods 
and  the  methods  used  to  stimulate  storage  will  be  found  in  the  re- 
ports of  the  Fuel  Administration. 

2.  Conditions  under  which  Coal  Was  Stored.— The  present  bulle- 
tin aims  to  supplement  Circular  No.  6  by  presenting  information 
secured  in  a  further  study  of  the  shortage  of  coal  under  conditions 
somewhat  different  from  those  that  existed  prior  to  the  publication 
of  Circular  No.  6  in  the  early  part  of  1918.  These  new  conditions 
were: 

(1)     On  account  of  the  pooling  of  coals  from  a  number 
of  different  districts  and  the  zoning  system  of  distribution 


*  "The    Storage   of    Bituminous   Coal,"    by    H.    H.    Stock.      Univ.    of    111.,    Eng.    Exp.    Sta. 
Circular  No.   6,    1918. 
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under  the  United  Slates  Fuel  Administration  during  1918, 
many  were  compelled  to  buy  a  different  coal  from  that  to 
wliicli  they  had  been  accustomed  in  the  past. 

(2)  It  was  often  impossible  to  secure  continuous  ship- 
ments of  the  same  coal ;  therefore  it  was  frequently  necessary 
to  store  a  mixture  of  coals. 

(3)  Owing  to  the  great  demand  for  a  maximum  output 
under  war  conditions,  less  care  was  given  to  the  preparation 
of  the  coal,  with  regard  both  to  its  sizing  and  to  the  separa- 
tion of  impurities;  consequently  much  coal  was  stored  that 
was  not  suitable  for  the  purpose. 

(4)  Owing  to  the  campaign  for  storing  coal  carried 
on  mainly  by  government  agencies,  undoubtedly  much  more 
coal  was  stored  than  under  ordinary  conditions,  and  much 
of  this  was  stored  by  people  without  any  previous  experience 
in  the  storing  of  coal. 

In  some  cases,  therefore,  the  residts  of  storage  during  1918  were 
discouraging  to  those  who  had  no  previous  experience  in  storing  coal. 
One  purpose  of  this  further  study  of  the  subject  was  to  find  out  the 
experience  of  those  who  stored  under  these  unusual  conditions  and. 
if  necessary,  to  modify  the  conclusions  and  suggestions  contained  in 
Circular  No.  6. 

3.  Sources  of  Information. — The  data  for  the  present  bulletin 
were  obtained  : 

(1)  From  a  questionnaire  sent  to  the  same  individuals 
or  companies  upon  whose  experience  the  conclusions  pub- 
lished in  Circular  No.  6  were  based.  These  included  about 
two  hundred  individuals,  manufacturing  concerns,  railroads, 
coke  plants,  etc.,  that  had  stored  coal  under  widely  differing 
conditions. 

(2)  From  a  similar  questionnaire  which,  through  the 
cordial  cooperation  of  Joseph  Harrington,  Administrative 
Engineer  of  the  Illinois  Fuel  Administration,  was  sent  to 
about  eighteen  thousand  power  plants  in  Illinois.  From  this 
questionnaire  about  three  hundred  answers  were  received. 

(3)  From  a  careful  study  of  tires  in  coal  piles  in 
Chicago.     This  study  was  made  by  W.  D.  Langtry  in  con- 
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nection  with  work  begun  under  the  Conservation  Department 
of  the  United  States  Fuel  Administration  in  Illinois.  J.  C. 
McDonald,  chief  of  the  Bureau  of  Fire  Prevention  and  Pub- 
lic Safety  of  Chicago,  for  a  period  of  six  months  beginning 
about  May  1,  1918,  reported  daily  all  fires  in  coal  piles  in 
Chicago  and  either  Mr.  Langtry  or  Mr.  Hippard,  Research 
Assistant  in  Mining  Engineering  of  the  Engineering  Experi- 
ment Station,  investigated  most  of  these  fires  and,  in  many 
cases,  took  photographs  of  them. 

(4)  From  investigations  made  by  the  authors  of  this 
bulletin  of  fires  which  occurred  in  Mattoon,  Decatur,  Rock 
Island,  Moline,  Davenport,  Aurora,  Champaign,  Urbana.  St. 
Louis,  and  Milwaukee.  The  fires  in  these  cities  had  been 
reported  either  to  the  local  fire  departments  or  to  the  County 
Fuel  Administrators  who  were  most  helpful  by  notifying  the 
authors  of  coal  in  storage  and  of  fires.  The  conditions 
under  which  fires  occurred  in  these  cities  were  similar  to 
those  under  which  fires  occurred  in  Chicago. 

(5)  From  information  furnished  through  the  cordial 
cooperation  of  E.  A.  McAuliffe  and  the  following  super- 
visors of  the  Fuel  Conservation  Section  of  the  United  States 
Railroad  Administration:  E.  P.  Roesch,  Robert  Collett, 
B.  R.  Feeny,  H.  C.  Woodbridge,  N.  Clewer,  J.  W.  Hardy, 
and  L.  R.  Ptle.*  S.  W.  Parr,  Professor  of  Industrial 
Chemistry,  University  of  Illinois,  whose  bulletins  on  spon- 
taneous combustion  are  well  known,  has  been  most  helpful 
through  suggestions  and  criticisms  of  the  manuscripts.  Mr. 
Hippard  not  only  cooperated  with  Mr.  Langtry  in  studying 
Chicago  fires,  but  also  compiled  the  data  secured  in  connec- 
tion with  these  fires  and  the  replies  to  the  several  question- 
naires. So  many  have  cooperated  in  gathering  information 
that  it  is  impossible  to  give  adequate  credit  to  all  by  name. 


*  See    "Storage    of    Coal    by    Railroads    during    1918,"    by    H.    H.    Stoek.      Inter.    Ry. 
Fuel   Assoc.   Proc,    1919. 
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II.     Summary  of  Conclusions 

It  is  believed  that  the  following  conclusions  will  be  helpful  to  any 
one  who  expects  to  store  coal.  These  conclusions  and  the  evidence 
upon  which  they  are  based  are  discussed  in  detail  in  the  subsequent 
pages  of  this  bulletin. 

4.  Preliminary  Considerations. — 

(1)  Storage  of  coal  insures  the  consumer  a  regular 
supply  of  coal,  assists  in  equalizing  freight  traffic  on  the 
railroads,  and  helps  to  stabilize  the  operation  of  coal  mines. 

(2)  The  storage  of  coal  should  not  be  undertaken  with- 
out a  careful  consideration  of  the  practice  of  those  who  have 
stored  coal  successfully. 

(3)  Before  it  is  time  to  begin  the  actual  storing  a 
suitable  place  should  be  prepared  and  a  policy  outlined  far 
enough  in  advance  so  that  every  one  who  will  have  to  do  with 
the  storing  can  receive  definite  instructions  and  not  mere 
suggestions.  It  is  unwise  to  wait  until  the  coal  to  be  stored  is 
on  the  track  and  then  to  dump  it  anywhere  so  as  to  release 
the  cars  promptly.  \Yhen  storing  begins,  the  instructions 
should  be  carried  out  to  the  letter.  Many  failures  in  storing 
coal  have  been  due,  not  to  faulty  instructions,  but  to  the 
fact  that  the  instructions  have  not  been  followed. 

5.  Preparation  of  Place  of  Storage. — If  possible  a  place  should 
be  chosen  that  is  dry  and  well  drained;  if  not  drained  naturally, 
drains  should  be  provided  about  the  storage  pile,  not  underneath  it, 
as  a  drain  beneath  a  pile  may  produce  an  air  current  up  through  the 
pile  and  thus  assist  spontaneous  combustion. 

Coal  should  not  be  dumped  on  ground  covered  with  ashes  or 
refuse  of  any  kind,  because  often  in  addition  to  furnishing  flues  for 
the  admission  of  air,  such  refuse  contains  combustible  material  ; 
furthermore,  the  presence  of  such  refuse  will  depreciate  the  value  of 
the  coal  when  it  is  reclaimed  from  storage.  If  possible,  the  ground 
should  be  cleared  of  vegetation  and  leveled  off,  so  that  the  reclaiming 
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of  the  coal  will  be  made  as  easy  as  possible  and  that,  in  reclaiming, 
dirt  and  refuse  will  not  be  taken  up  by  the  shovel  or  by  other  devices 
used.  There  is  some  justification  for  the  objection  of  firemen  to  using 
coal  that  has  been  stored,  because  of  the  dirt  and  other  refuse  that 
has  been  mixed  with  the  coal  in  taking  it  from  the  storage  pile.  A 
hard  clay  bottom  thoroughly  drained  is  desirable,  if  a  concrete  is  too 
expensive. 

If  possible,  adequate  space  should  be  provided  so  that  the  coal 
can  be  moved,  if  heating  occurs.  Coal  should  not  be  piled  around 
hot  pipes,  against  a  boiler,  against  hot  walls,  around  a  chimney,  or 
in  any  place  where  it  will  be  subjected  to  outside  heat,  because  the 
liability  to  spontaneous  combustion  increases  rapidly  with  a  rise  in 
temperature.  Coal  should  not  be  stored  above  flues  that  will  permit 
a  current  of  air  to  enter  the  coal  pile;  hot  air  such  as  that  from  a 
sewer  is  particularly  to  be  avoided. 

6.  Time  of  Year  for  Storage. — In  order  best  to  equalize  trans- 
portation facilities,  to  help  stabilize  mine  operation,  and  sometimes 
to  take  advantage  of  lower  prices,  coal  should  be  stored  between  the 
first  of  May  and  the  first  of  September.  However,  as  these  are  the 
hottest  months  of  the  year,  special  precautions  should  be  taken  both 
in  storing  and  in  watching  the  coal  after  it  is  placed  in  storage.  Coal 
is  a  poor  conductor  of  heat  and  if  coal  that  is  already  at  a  high 
temperature  is  covered  by  other  coal,  it  retains  the  heat  and  is  much 
more  liable  to  spontaneous  combustion  than  coal  that  is  stored  at  a 
lower  temperature. 

7.  Kinds  of  Coal  which  Mai/  Be  Safely  Stored. — It  is  probably 
true  that  all  varieties  of  bituminous  coal  have  been  stored  without 
fire  resulting,  and  equally  true  that  all  varieties  of  coal  have  fired 
when  stored.  These  facts  do  not  mean  that  all  eoals  store  equally 
well,  as  there  is  undoubtedly  a  difference  in  coals  in  this  respect. 
The  kind  of  coal  that  is  to  be  stored  should  be  specified.  Coals  that 
are  known  to  be  particularly  liable  to  spontaneous  combustion  should 
not  be  selected  for  storage  if  it  is  possible  to  avoid  doing  so.  If  there 
is  no  choice  of  coal  to  be  had,  greater  precautions  in  piling  and  in 
watching  storage  piles  will  be  necessary. 

The  spontaneous  combustion  of  coal  is  due  largely  to  the  oxida- 
tion of  fine  coal ;  consequently,  the  liability  to  spontaneous  combustion 
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in  stored  coal  is  greatly  reduced  and  in  many  cases  eliminated  it'  dual 
and  fine  coal  can  be  kept   out  of  the  pile. 

Hence,  if  possible,  cleaned,  screened  coal  of  a  uniform  size  should 
be  chosen,  the  larger  the  lumps  the  better,  so  as  to  givo  the  greater 
number  of  voids  in  the  pile.  Coal  of  one  size  is  better  than  a  mixture 
of  sizes. 

Sized  coal  should  not  he  stored  upon  a  foundation  of  fine  coal. 

The  coal  should  he  handled  in  such  a  way  as  to  prevent  break- 
age as  much  as  possible.  If  there  is  a  choice  of  coals  for  storage, 
the  least  friable  should  be  chosen  and  the  one  in  which  there  is  the 
least  fine  material. 

While  many  varieties  of  mine-run  coal  cannot,  be  stored  safely 
under  ordinary  conditions  because  of  the  presence  of  line  coal  and 
dust,  such  eoal  has  been  successfully  stored  in  small,  low  piles.  In 
storing  mine-run  eoal,  it  should  be  piled  uniformly  so  as  to  prevent 
segregation  of  the  sizes. 

As  fine  eoal  or  slack  is  more  liable  to  spontaneous  combustion 
than  clean  sized  coal,  it  should  be  very  carefully  watched  in  storage 
to  detect  evidence  of  heating. 

8.  Sulphur  in  Coal. — Although  experimentation  has  shown  that 
the  sulphur  contained  in  coal  in  the  form  of  pyrites  is  not  the  chief 
cause  of  spontaneous  combustion  as  was  formerly  supposed,  yet  the 
oxidation  of  the  sulphur  in  the  coal  not  only  produces  heat  but  also 
assists  in  breaking  up  the  lumps  and  thus  increasing  the  amount  of 
tine  coal  in  the  pile.  Any  considerable  rise  in  temperature  from 
cither  external  or  internal  sources  promotes  the  oxidation  of  the  iron 
pyrites.  This  oxidation  produces  heat  and  thus  increases  the  liability 
of  the  coal  to  spontaneous  combustion.  It  is  wise  to  select  low  sulphur 
coals  for  storage  if  obtainable,  but  it  must  not  be  taken  for  granted 
that  a  low  sulphur  coal  will  necessarily  store  well. 

9.  Method  of  Piling. — 

(1)  Coal  should  be  so  piled  for  storage  that  any  part 
of  the  pile  can  be  moved  promptly  if  necessary. 

(2)  Coal  should  be  so  piled  that  air  may  circulate 
freely  through  it  and  thus  carry  off  any  heat  generated,  or 
else  so  closely  packed  that  air  cannot  enter  the  pile;  i.e.,  under 
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water  storage  conditions  should  be  approximated  as  nearly 
as  possible. 

(3)  Stratification  or  segregation  of  fine  and  lump  coal 
should  be  avoided,  since  an  open  stratum  of  coarse  lumps 
provides  passage  for  air  to  reach  the  fine  coal  but  not  in 
sufficient  quantity  to  keep  down  the  temperature  of  the  pile. 
Coal  should  be  spread  in  horizontal  layers  and  not  dumped  in 
conical  piles,  for  in  the  latter  case  the  fine  coal  stays  in  the 
center  at  the  top  of  the  pile  and  the  lumps  roll  to  the  bottom. 

(4)  The  depth  and  area  of  storage  piles  will  be  deter- 
mined largely  by  the  storage  space  available  and  the  mechan- 
ical appliances  to  be  used.  Other  conditions  being  equal, 
the  deeper  the  pile  and  the  greater  its  area  the  greater  the 
difficulty  in  inspecting  it,  and  in  moving  it  quickly  if  neces- 
sary. Hence,  a  number  of  small  piles,  if  practicable,  are 
better  than  one  large  pile.  Lack  of  space,  however,  usually 
prevents  such  spreading  out  of  the  coal.  It  is  impossible 
to  specify  exact  heights  as  so  much  depends  upon  the  kind  of 
coal  and  upon  local  conditions.* 

(5)  The  hazard  of  spontaneous  combustion  seems  to 
be  independent  of  whether  the  coal  is  piled  in  the  open  or 
under  cover.    . 

10.  Moisture. —  The  exact  effect  of  moisture  in  connection  with 
spontaneous  combustion  is  not  known,  and,  as  shown  in  later  pages, 
the  evidence  of  laboratory  experiments  is  contradictory. 

The  repeated  wetting  and  drying  of  coal  seems  to  increase  the 
tendency  to  spontaneous  combustion.  This  may  be  due  to  the  break- 
ing up  of  the  coal  which  such  alternate  wetting  and  drying  occasions, 
even  if  there  is  no  chemical  reaction  between  the  water  and  the  coal. 
It  is  not  wise  to  put  wet  coal  into  a  pile,  or  to  store  coal  on  a  damp 
base  if  it  can  be  avoided.  After  a  rain  or  snowstorm  a  coal  pile 
should  be  carefully  inspected  and  watched. 


*  The  Railroad  Administration  has  suggested  piling  coal  for  railroad  storage  not  over 
twelve  to  fifteen  feel  in  height  when  the  trad;  is  placed  on  top  of  the  coal  pile,  and  not 
over   twenty    feet   when    a    loromotive   crane   is   used. 

The  Home  Insurance  Company  advises  against  piling  in  excess  of  twelve  feet,  or  more 
than  one  thousand  five  hundred  tons  in  any  pile,  and  suggests  trimming  the  piles  so  that 
no  point  in  the  interior  is  more  than  ten  feet  from  an  air  cooled  surface.  These1  are  wise 
precautions,   but   frequently    impossible   of   application   on    account,  of   lack   of   storage  space. 
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Water  is  an  effective  agent  in  quenching  fire  in  a  coal  pile  only 
if  it  can  be  applied  in  sufficient  quantities  to  extinguish  the  fire  and 
to  cool  the  mass.  The  water  must  be  applied  at  the  source  of  the  fire, 
for  it  can  do  little  good  if  the  stream  is  only  played  on  the  surface. 
To  be  sure  that  the  water  reaches  the  fire  it  is  usually  necessary  to 
turn  over  the  coal. 

It  is  advisable  to  have  water  and  hose  available  for  use  in  case 
of  necessity,  but  water  should  be  used  carefully  and  only  as  a  last 
resort  after  other  means,  such  as  moving  the  coal,  have  been  tried 
to  lower  the  temperature.  An  effort  should  be  made  to  determine  the 
seat  of  the  heating  and  to  remove  the  coal  affected,  which  should  be 
spread  out  on  the  ground  and  allowed  to  cool  off  in  the  air,  if  possible. 
Only  in  case  of  necessity  should  water  be  used  to  cool  it.  If  coal  is 
ablaze  it  is  necessary  to  add  water,  which  very  often  will  so  control 
the  fire  that  the  danger  to  surrounding  buildings  is  reduced,  and 
more  time  is  allowed  to  move  the  coal.  Coal  that  has  once  heated 
should  preferably  be  used  at  once  and  not  be  returned  to  the  pile. 

11.  Inspection  and  Precautions. — There  should  be  an  inspector 
at  each  storage  pile  who  not  only  is  competent  to  inspect  the  coal 
furnished  but  who  also  has  authority  to  reject  it  if  not  according  to 
specifications  and  to  see  that  the  storage  instructions  are  carried  out. 

Coal  in  storage  should  be  inspected  regularly  and  if  the  tempera- 
ture reaches  140  degrees,  the  pile  should  be  very  carefully  watched. 
If  the  temperature  continues  to  rise  rapidly  and  reaches  150  to  160 
degrees,  the  coal  should  be  moved  as  promptly  as  possible  and  the 
coal  thus  moved  should  be  thoroughly  cooled  before  being  replaced 
in  storage,  or  still  better,  it  should  be  used  at  once.  If  the  tempera- 
ture rises  slowly  the  pile  should  be  carefully  watched,  but  it  is  not 
necessary  to  begin  moving  the  coal  at  as  low  a  temperature  as  when 
the  rise  is  rapid,  for  the  temperature  may  recede  and  the  danger 
be  past. 

Coal  should  be  moved  before  it  actually  smokes.  Such  smoking  is 
reported  to  begin  at  180  degrees  Fahr.,  though  there  is  no  very 
definite  information  on  this  point.  Steaming  should  not  be  confused 
with  smoking,  for  steam  is  frequently  seen  coming  from  a  pile  and 
this  does  not  necessarily  indicate  a  danger  point.  Temperature  tests  of 
coal  in  storage  should  be  made,  if  possible,  and  one  should  not  depend 
on  such  indications  of  fire  as  odor  or  smoke  coming  from  the  coal. 
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for  when  the  coal  reaches  this  stage  ft  is  well  along  in  the  process  of 
combustion.  Every  storage  plan  should  give  special  attention  to  load- 
ing out  the  coal  quickly  and  promptly,  if  necessary. 

Inflammable  material,  such  as  waste,  paper,  rags,  wood,  rosin, 
oil,  and  tar  in  a  coal  pile  often  form  the  starting  point  for  a  fire, 
and  every  effort  should  be  made  to  keep  such  material  from  the  coal 
as  it  is  being  placed  in  storage.  Irregular  admission  of  air  into  the 
coal  pile  around  the  legs  of  a  trestle,  through  a  porous  bottom  such 
as  coarse  cinders,  or  through  cracks  between  boards,  etc.,  should  be 
avoided. 

It  is  very  important  that  coal  in  storage  should  not  be  subject 
to  such  external  sources  of  heat  as  steam  pipes,  because  the  sus- 
ceptibility of  coal  to  spontaneous  combustion  increases  rapidly  as 
the  temperature  rises. 

The  effect  of  ventilating  of  coal  piles  is  a  disputed  point,  but 
the  weight  of  evidence  in  the  United  States  seems  to  be  against  the 
practice.  This  may  possibly  be  due  to  the  fact  that  ventilation  has 
been  inadequately  done.  The  imperfect  ventilation  generally 
attempted  in  the  United  States  is  certainly  disadvantageous,  though 
reports  from  Canadian  practice  favor  ventilation. 

About  75  per  cent  of  the  coal  pile  fires  studied  have  occurred 
within  ninety  days  after  the  coal  was  placed  in  storage;  hence  par- 
ticular attention  should  be  given  to  the  pile  during  the  first  three 
months  that  it  is  in  storage.  The  greater  the  area  of  the  pile  exposed 
to  the  air  the  more  quickly  will  the  danger  be  passed. 

Coal  stored  during  the  summer  should,  if  possible,  not  be  drawn 
on  in  the  early  fall,  as  is  so  often  done,  but  kept  for  the  time  of  con- 
gestion in  railroad  traffic,  which  usually  occurs  from  December  to 
March. 

Finally,  safety  in  the  storage  of  coal  depends  upon  careful  atten- 
tion to  the  details  given  in  the  foregoing  conclusions,  which  represent 
the  experience  of  a  large  number  of  those  who  have  stored  coal  in 
amounts  varying  from  a  few  tons  up  to  hundreds  of  thousands  of 
tons,  and  under  widely  different  conditions. 

A  storage  plan  must  consider  all  of  the  conditions,  and  not  only 
a  part;  for  instance,  clean,  lump  coal  of  a  certain  kind  may  be  stored 
with  perfect  safety  in  high  piles;  while  the  same  coal,  run-of-mine 
or  unscreened,  may  not  be  safely  stored  at  all,  or  at  least  only  in 
small  piles.    Lack  of  attention  to  details  in  storage  or  failure  system- 
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atically  to  inspect  storage  piles  and  to  bo  ready  for  any  emergency 
that  may  occur,  may  result  in  losses  from  fires. 

For  such  amounts  as  are  required  by  the  ordinary  householder, 
namely,  ten  to  twenty  tons  a  year,  it  can  be  positively  stated  (a) 
that  there  is  little  or  no  danger  of  spontaneous  combustion  if  the 
foregoing  suggestions  are  followed  and  (b)  that  there  is  no  appreci- 
able deterioration  in  the  heating  value. 

As  the  amount  of  coal  stored  increases,  increased  care  must  be 
taken  in  the  method  of  storing  and  in  watching  the  coal  after  storage. 
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III.     Experience  in  the  Storage  of  Coal  during  1918-191  9 
Data  Secured  by  Questionnaires 

12.  Introduction. — As  was  previously  mentioned,  an  effort  lias 
been  made  by  means  of  questionnaires  to  secure  information  that 
would  confirm,  modify,  or  refute  the  conclusions  upon  the  storage 
of  coal  as  given  in  Circular  No.  6. 

Questionnaire  A  (see  Appendix  I)  was  sent  to  those  from  whom 
the  information  was  obtained  that  was  used  in  the  preparation  of 
Circular  No.  6.  This  list  included  about  one  hundred  and  seventy-five 
individuals  and  companies  who  stored  coal  under  widely  different 
conditions  and  in  greatly  differing  amounts,  varying  from  the  ordi- 
nary householder  storing  from  ten  to  twenty  tons,  to  such  industries 
as  the  by-product  coke  companies,  wholesale  distributors  of  coal, 
large  utilities  companies,  railroads,  etc.,  storing  as  high  as  hundreds 
of  thousands  of  tons.  An  effort  was  also  made  to  include  all  varieties 
of  storage;  i.  e.,  at  the  mines,  by  railroads,  by  large  and  small  power 
plants,  etc. 

Questionnaire  B  (see  Appendix  I)  was  sent  to  the  power  plants 
of  the  State  through  the  courtesy  of  Joseph  Harrington,  Admin- 
istrative Engineer,  United  States  Fuel  Administration,   Chicago. 

It  is  realized  that  data  obtained  by  questionnaires  are  somewhat 
uncertain,  because  of  the  difficulty  of  having  those  who  fill  out  the 
questionnaires  understand  fully  just  what  is  desired  in  answer  to 
the  questions,  and  also  because  the  data  furnished  may  be  interpreted 
in  a  sense  different  from  that  intended  by  the  one  filling  out  the  ques- 
tionnaire. However,  it  is  probable  that  these  difficulties  are  more 
than  balanced  by  the  much  larger  amount  of  material  that  can  be 
gathered  by  the  questionnaire  method;  by  averaging  a  large  number 
of  answers  these  inaccuracies  are  minimized.  As  far  as  possible  any 
ambiguity  in  the  answers  wras  cleared  up  by  additional  correspondence. 

The  data  for  the  fires  in  Chicago  were  secured  in  person  by 
either  Mr.  Langtry  or  Mr.  Hippard  who  had  unusual  opportunity 
for   obtaining   first-hand    information   concerning  these   fires. 

In  tabulating  and  studying  these  data  many  variables  must  be 
considered,  which  are  so  interrelated  that  great  care  must  be  taken 
to  avoid  drawing  erroneous  conclusions  from  any  one  set  of  figures 
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by  failing  to  consider  them  in  their  proper  relation  to  the  other 
factors,  even  when  these  related  factors  cannot  be  expressed  in  the 
tabulated  material.  Therefore,  general  conclusions  should  not  be 
drawn  from  isolated  statements  and  tables. 

13.  Kinds  of  Coal  that  Can  Be  Stored. — Table  1,  giving  a 
statement  of  fires  by  districts  from  which  the  coal  was  obtained,  not 
only  substantiates  the  conclusions  published  in  Circular  No.  6  that 

Table  No.  1 
Geogkaphical  Sources  of  Supply  of  Stoked  Coal 


Questionnaire  .4 

Questionnaire  B 

District 

Fired 

Not 
Fired 

Total 

Fired 

Not 
Fired 

Total 

-a 

X 

% 

o 
Z 

•v 

X 

•73 
X 

| 
O 

X 

T3 
a> 
X 

o 

X 

T3 

a 
H 

o 
S5 

-0 

X 

X 

2 

o 

T3 
X 

o 

X 

s 

o 

0) 
X 

A  rkansas 

1 

1 

1 

1 
1 
1 

1 

1 

1 

Eastern  Pool 

1 

Illinois: 

Christian-Macon  Co 

12 
1 

15 
5 

7 
2 
11 
7 
3 
1 

1 
1 

2 
5 

i 
i 

2 
1 

30 

1 

88 

21 

9 

7 

26 

10 

19 

2 

1 
'  '4' 

. .. . 

i 
i 

42 

2 

103 

26 

16 

9 

37 

17 

22 

3 

1 
2 

3 

1 
4 

1 

12 

'   6 
1 

3 
1 
2 

Franklin  Co 

4 

1 

8 

2 

9 

Peoria 

2 
1 
4 
1 
2 

2 
2 
4 
4 
2 

1 

3 

1 
2 

1 

2 

3 

3 

2 

Indiana: 

3 

3 

1 

1 

1 

Pike 

1 

1 

1 

1 

2 

1 

3 

1 

'    2 

1 
2 

2 

3 

2 

1 
4 

1 

1 

2 
3 

1 
1 

2 

2 
3 
1 
2 
1 

1 
8 
1 

2 

2 

2 

2 

Lake  Ports  Pool 

Ohio 

1 
1 

1 

1 

1 

4 
1 

1 

2 
1 

1 

1 

Pennsylvania 

4 

1 

1 

Red  Lodge  (Montana)  sub-bit 

1 
3 

"i 

1 
3 

2 

3 

2 

4 

4 

7 

1 

Totals 

31 

23 

28 

10 

59 

33 

68 

14 

222 

13 

290 

27 
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"most  varieties  of  bituminous  coal  may  be  safely  stored  if  of  proper 
size  and  free  from  fine  coal  and  dust,"  but  also  suggests  the  even 
more  general  conclusions:  that  although  practically  every  kind  of 
bituminous  coal  has  been  stored  without  spontaneous  combustion  occur- 
ring, yet  under  certain  conditions  spontaneous  combustion  has  oc- 
curred with  practically  every  kind  of  coal  stored. 

Table  1  also  shows  that  the  percentage  of  fires  in  piles  of  mixed 
coals  is  considerably  greater  than  in  piles  of  the  same  coals  unmixed. 
Although  no  satisfactory  explanation  of  the  phenomenon  has  been 
offered,  the  opinion  is  very  generally  held  that  a  mixture  of  two  coals 
is  more  liable  to  spontaneous  combustion  than  either  one  separately, 
and  all  the  evidence  gathered  seems  to  support  this  opinion. 

The  Commonwealth  Edison  Company  of  Chicago,  which  has  been 
very  successful  in  storing  large  amounts  of  coal,  reports  that  between 
February  26  and  April  14,  1918,  it  stored  at  the  Fisk  Street  plant 
about  3000  tons  of  central  Illinois  coal,  principally  egg  and  lump 
from  one  particular  mine  and  a  small  amount  of  coal  of  the  same 
size  from  two  other  mines,  one  located  in  central  and  the  other  in 
southern  Illinois,  together  with  six  cars  of  run-of-mine  coal  from 
the  same  mines.  The  ground  was  cleared  of  old  coal  before  the  new 
coal  was  stored.  During  the  early  part  of  August,  1919,  the  pile  was 
found  to  be  heating  and  a  part  was  removed  and  used  at  once. 

Another  phase  of  the  question  concerns  the  placing  of  fresh  coal 
upon  coal  that  has  been  in  storage  for  some  time,  and  a  number  of 
fires  have  been  cited  as  taking  place  at  the  junction  of  the  fresh  and 
the  old  coal  soon  after  the  fresh  coal  had  been  placed  in  storage.  For 
several  fires  investigated  by  the  writers  there  was  no  other  apparent 
cause.  No  explanation  of  this  has  been  offered,  and  it  is  a  subject 
requiring  further  investigation. 

14.  Sizes  of  Coal  that  Can  Be  Stored. — Tables  2  and  3  show 
that  the  fire  hazard  for  piles  of  clean,  sized  coal  is  relatively  small, 
compared  with  that  for  piles  of  screenings  or  mine-run,  and  that  the 
size  is  an  important  factor  in  connection  with  storage.  Table  2  shows 
that  56  per  cent  of  all  the  piles  of  mine-run  fired,  and  that  85  per 
cent  of  the  piles  of  screenings  fired.  Table  3  shows  that  88  per  cent 
of  the  fires  occurred  in  mine-run  or  screenings.  Of  the  98  storage 
piles  of  mine-run  about  23  per  cent  fired,  while  of  the  86  storage  piles 
of  screenings,  51  per  cent  fired.  Of  the  132  storage  piles  of  sized 
coal  less  than  7  per  cent  fired. 
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These  results  appear  conclusive  enough  to  support  the  recom- 
mendation that  screenings  or  mine-run  should  not  be  stored  in  large 
quantities  excepting  under  water,  but  if  it  is  necessary  to  store  these 
sizes  in  any  other  way,  they  should  be  very  carefully  watched  for 
evidences  of  heating  and  means  provided  for  rapidly  and  promptly 
moving  the  coal  if  heating  is  detected.  A  mixture  of  sizes  gives  a 
pile  much   less   void   space  and   hence  the  heated  air  is  less  readily 

carried  off. 

Table  2 

Effect  on  Spontaneous  Combustion  of  Si/,k  of  Coal 
Questionnaire    1 


No. 

Filed 

Not  Fired 

Total 

Size  of  Coai. 

Per  Cent 

of  Total 

Per  Cent 

of  Given 

Size 

No. 

Per  Cent 
of  Total 

Per  Cent 

of  Given 

Size 

Lump  ((nor  1  li  in.) 

Lump  (:,4  in.  to  \%  in.) 

2 

3 

0 
*22 
18 
0 
0 
0 
0 

4.44 
6.67 

33  33 
12  86 

4 
4 
1 
17 
3 
1 
1 
1 
1 

12.12 
12   12 
3  03 
51.51 
9.10 
3  03 
3  03 
3  03 
3 .  03 

66.67 
57.14 
100.00 
43.59 
14.28 
100.00 
100.00 
100.00 
100.00 

6 

7 

1 

39 

21 

48.89 
40  00 

56 . 4 1 
85 .  72 

Nut- 

Totals  

45 

100.00 

33 

100  00 

78 

*  Three  of  these  piles  were  a  mixture  of  mine-run  and  screenings  in  about  equal  proportions. 

T  USI,E    3 

Effect  on  Spontaneous  Combustion  of  Size  of  Coal 
Questionnaire  B 


Fired 

Not  Fired 

Total 

Size  of  Coal 

No. 

Per  Cent 
of  Total 

Per  Cent 
of  Given 

Size 

No. 

Per  Cent 
of  Total 

Per  Cent 

of  Given 

Size 

Lump  (2  in.  or  over) 
Lump  ( >4  in.,  1  in.,  1 '  ■>  in. 

Egg 

Mine-run 

No.  1  and  No.  2  nut 

No.  3  and  No.  4  nut 

1 
0 
2 

23 

44 

1 

5 

1.32 

1 .  96 

5 
30 

7.-. 
42 
25 
13 

20.83 
2.08 
12.50 
31.25 
17.50 
10.42 
5.42 

98.04 
100  00 

93 .  75 
76 .  55 
48.84 
96. 15 
72.20 

51 
5 

2.63 

30 .  26 

57.89 

1.32 

6.58 

(i .  25 
23.45 
51 .16 

3.85 
27.80 

32 
98 
86 

26 
18 

Totals 

76 

100.00 

240           100  00 

316 

These  results  are  confirmed  by  the  experience  in  England  and 
John  H.  Anderson  of  Purfieet,  England,  saysf : 


t  Trans.  Inst,  of  Marine  Engineers,  June,   1918. 
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"When  the  coal  is  at  a  low  temperature  this  oxygen  absorption  is  very  little; 
therefore,  there  is  not  much  heat  generated,  and  in  many  cases  this  little  heat 
escapes  to  the  atmosphere  just  as  fast  as  it  is  generated.  This  is  generally  the 
case  with  the  larger  coals  or  coals  free  from  small  dust  when  there  is  usually  a 
path  here  and  there  sufficient  to  allow  the  heat  to  get  through  to  the  surface  by 
natural  means. 

' '  On  the  other  hand,  heaps  may  be  composed  of  small  coal,  which  may  be  so 
dense  that  there  will  not  be  sufficient  apertures  or  paths  for  the  generated  heat  to 
escape;  the  consequence  is  that  this  heat  gathers,  thereby  increasing  the  tem- 
perature of  the  coal,  and  incidentally,  due  to  the  increase  of  heat,  it  increases  the 
rapidity  and  capacity  for  further  oxygen  absorption  in  a  given  time,  thus  giv- 
ing off  more  heat  in  a  given  time  than  when  the  heap  was  cooler. 

' '  It  will  be  seen  from  this  that  if  a  heap  has  a  tendency  to  rise  in  temperature 
steps  must  immediately  be  taken  to  arrest  this,  otherwise  the  increase  of  heat  will 
be  so  rapid  after  a  time  that  it  will  not  be  possible  to  cope  with  it  unless  drastic 
measures  are  taken,  such  as  to  turn  over  the  heap,  or  as  it  has  happened  before, 
letting  it  burn  itself  out. 

"The  liability  of  small  coal  to  create  spontaneous  combustion  is  very  pro- 
nounced, both  from  its  size  and  also  from  it  closing  up  the  paths  whereby  the 
heat  generated  would  otherwise  escape  freely  to  the  atmosphere.  I  suggest  that  most 
of  the  oxidation  is  superficial  and,  therefore,  if  the  smalls  absorb  more  oxygen, 
they  generate  more  heat  in  a  given  time  than  the  larger  coal,  and  therefore,  small 
coal  is  more  liable  to  fire  than  large  coal,  particularly  if  steps  are  not  taken  to 
let  this  heat  out.  This  means  that  there  is  one  safe  height  that  must  not  be  exceeded, 
but  as  there  are  other  factors  that  must  be  taken  into  consideration  at  the  same 
time,  it  would  be  almost  impossible  to  fix  this  height  for  every  heap.  The  height 
of  pile  can  be  increased  above  this  safe  height,  providing  means  are  taken  to  vent 
it.  The  more  it  is  vented  the  higher  the  heap  can  be  piled.  Generally  speaking, 
12  to  1-4  feet  is  about  as  high  as  one  should  deposit  small  sized  coals;  9  to  12  feet 
for  unwashed  mixed  coals;  for  slack  a  great  deal  depends  upon  the  composition. 
Two  heaps  of  slack  were  allowed  to  rise  120  degrees  before  moving.  These  heaps 
gave  considerable  trouble  at  a  height  of  10  feet,  but  even  when  the  height  was 
reduced  to  6  feet,  there  was  a  tendency  to  increase  in  temperature.  My  opinion 
of  the  cause  of  the  trouble  was  bad  washing  of  the  material;  thus  after  a  shower, 
the  shale-like  material  formed  a  plastic  mass  with  the  coal  practically  preventing 
any  escape  of  heat. 

"As  a  rule,  little  trouble  is  experienced  in  the  storage  of  large  coal,  but  one 
must  be  careful  even  with  this,  for  in  event  of  fire  great  difficulty  will  be  ex 
perienced  in  putting  it  out  owing  to  the  ready  access  of  oxygen  for  supporting 
combustion.  Care  should  be  taken  not  to  make  any  smalls  when  depositing  this 
coal,  and  if  possible  the  coal  should  be  selected  that  will  weather  best,  otherwise 
that  on  top  will  crumble  up  and  fill  up  the  interstices  underneath. 

' '  The  geological  age  of  coal  is  a  fair  guide  to  its  liability  to  heat,  anthracite 
being  the  safest  to  store  and  lignite  the  most  dangerous.  A  good  guide  is  the 
weathering  effect  on  a  sample  rather  prominently  exposed  and  occasionally 
moistened   with  water  by  hand,  that   which   readily  crumbles   up  being  the   moat 
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dangerous  but,  of  course,  a  great  deal   depends  on  the  composition  of  the  coal, 
considering  the  impurities  and  foreign  material  that  may  be  mixed  with  it. ' ' 

The  figures  given  in  Table  4  indicate  that  a  mixture  of  kinds  and 
sizes  increases  the  hazard ;  but  these  figures  are  by  no  means  con- 
clusive as  to  the  effect  of  mixture  of  kinds  of  coal,  for  the  question- 
naires show  that  the  mixtures  which  fired  contained  fine  coal  and  this 
may  have  been  the  determining  factor,  rather  that  the  mixture  of 
different  varieties  of  coal. 

Table  4 
Results  of  Mixture  of  Sizes  and  Kinds  of  Coal 


Questionnaire  A 

Questionnaire  B 

Mixture  of 
Sizes  and  Kinds 

Same  Size 
anil  Kind 

Mixture  of 
Sizes  and  Kinds 

Same  Size 
and  Kind 

No. 

Per  Cent 

No. 

Per  Cent, 

No. 

Per  Tent 

No. 

Per  Cent 

31 
12 

(39 

14 
21 

31 

(14 

23 
39 

30 

17 

52 

185 

70 

Not  fired 

83 

15.  Effect  of  Depth  of  the  Pile. — There  is  a  rather  common 
opinion  that  heating  is  most  likely  to  occur  about  five  feet  from  the 
surface.  The  table  given  on  page  187  of  Circular  No.  6  of  tempera- 
ture observed  by  the  Cleveland,  Cincinnati,  Chicago,  and  St.  Louis 
Railroad  at  Hillary,  Illinois,  shows  the  highest  temperature  to  occur 
at  points  five  to  ten  feet  from  the  top  of  the  pile  and  that,  in  general, 
there  is  a  gradual  decrease  in  temperature  below  this  maximum  point. 

J.  H.  Anderson  says* : 

"From  previous  experience  we  found  the  warmest  place  to  be  between  6  and 
8  feet  deep  from  the  surface;  so  from  this  we  established  a  depth  of  7  feet  as  the 
standard  depth  to  record  temperatures. ' ' 

John  Morison  saysf  : 

"  It  is  usual  to  find  that  heating  commences  at  a  depth  of  about  5  feet,  and  if 
left  alone  it  will  spread  downward  until  the  coal  fires. ' ' 

If  coal  is  so  piled  that  the  fine  portion  stays  on  top  of  the  pile  and 
the  lumps  roll  to  the  bottom,  a  point  will  occur  in  the  pile  where  the 


*  Trans.  Inst,  of  Marine  Engineers,   Vol.   30,  p.   83,   June,    1918. 
t  North  of  England  Institute,   Feb.   9,   1918. 
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air  supply  will  be  just  sufficient  to  cause  combustion  of  the  fine  coal 
but  not  sufficient  to  carry  away  the  heated  gases.  Just  where  this 
point  will  be  depends  on  the  height  of  the  pile,  kind  of  coal,  and 
method  of  storage.     The  replies  to  Questionnaires  A  and  B  as  given 

Table  5 
Effect  on  Spontaneous  Combustion  of  Depth  of  Coal  Pile 


Questionnaire  A 

Questionnaire  B 

Depth  of  Pile 

Fired 

Not  Fired 

Total 
No. 

Fired 

Not  Fired 

No. 

Per  Cent 

of 

Given 

Depth 

No. 

Per  Cent 

of 

Given 

Depth 

No. 

Per  Cent 

of 

Given 

Depth 

No. 

Per  Cent 

of 

Given 

Depth 

Total 
No. 

8  ft.  or  less 

8  ft.  to  20  ft 

Over  20  ft 

Not  stated 

2 
21 
21 

1 

33.33 
52.50 
67.74 

4 

19 
10 

66.67 
47.50 
32.26 

6 
40 
31 

1 

26 

37 

5 

7 

18.44 
32.17 
41.67 

115 
78 

7 

81.56 
67.83 
58.33 

141 

115 

12 

35 

Totals 

45 

33 

78 

75 

228 

303 

in  Table  5  indicate  that  the  percentage  of  fires  increases  as  the  depth 
of  pile  increases.  While  the  evidence  seems  to  show  that  fires  are 
more  common  in  deep  than  in  shallow  piles,  the  reason  for  this  is 
by  no  means  certain,  but  any  one  of  the  following  conditions  may 
contribute  to  the  result : 

(1)  There  is  less  opportunity  for  the  air  to  circulate 
through  the  pile  and  to  carry  off  the  surplus  heat. 

(2)  The  air  and  gases  gradually  rising  through  the 
pile  and  increasing  in  temperature  as  they  do  so,  may  finally 
reach  the  temperature  of  spontaneous  combustion  of  the  coal. 
This  opinion  is  held  by  many,  but  if  it  is  true,  the  greater 
number  of  fires  should  be  found  near  the  top  of  the  pile. 

(3)  There  will  usually  be  increased  breakage  and  an 
increased  amount  of  fine  coal  which  is  the  portion  of  the 
coal  most  liable  to  spontaneous  combustion. 

(4)  There  is  greater  difficulty  in  watching  the  pile 
and  in  detecting  incipient  heating.  Consequently,  fires  de- 
velop in  deep  piles  without  detection  more  readily  than  in 
low  piles. 


28 


ILLINOIS  ENGINEERING   EXPERIMENT  STATION 


1(>.     Effect  of  Quantity  of  Coal  in  Storage. — Table  6  indicates 
that  the  liability  to  fires  increases  with  the  size  of  the  pile,  but  the 


Table  o 
Effect  <>\  Spontaneous  Combustion  of  Quantity  of  Coal  in  Storage 


Questionnaire  A 

Questionnaire  B 

Fired 

Not 
Fired 

Total 

V 

red 

Not 
Fired 

Total 

Quanti  n 

6 
Z 

c  »S 

B£  ° 

c 

5  - 

d 
X. 

■- 

6 
V. 

6 

in 

"3 

0 

2 
5 

18 
11 

8 

50 
50 

66  67 
47.83 
66.67 

2 
5 

9 

12 

4 

1 

50 
50 

33 .  33 
52.17 
33  33 
100 . 00 

4 
10 
27 
23 

12 

1 
1 

35 
11 

26 
0 

18.61 
24.44 
40.62 

153 

34 

38 

3 

81.39 
75.56 
59.38 

188 

500  (n  hkki  tons     

45 

1000    (n    10  000  tons 

64 

in  hoi)  in   looooo  tons        

3 

LOO  000   1o    I  000  000 

1 

3 

0 

3 

Totals                        

1 

33 

78 

75 

228 

303 

same  considerations  that  make  the  evidence  inconclusive  for  increased 
hazard  with  increased  depth,  apply  here;  also  the  term,  Quantity  in 
Storage,  is  often  indefinite.  Ten  thousand  tons  stored  in  one  pile 
thirty  feet  high  is  probably  more  of  a  fire  hazard  than  the  same  amount 
spread  out  in  a  pile  only  five  feet  high ;  but  this  and  other  conditions 
of  piling  are  not  evidenced  by  the  statements  in  the  replies  received 
under  the  heading,  Amount  in  Storage.  The  difficulties  of  storing 
and  watching  a  large  quantity  may  increase  the  fire  hazard,  but  a 
large  quantity  is  not  per  se  more  dangerous  than  a  small  amount. 

17.  Effect  of  Methods  of  Piling.— A  study  of  the  effect  of  the 
methods  of  piling  indicates  that  the  lowest  percentage  of  fires  occurs 
where  the  coal  is  stored  by  hand.  It  is,  however,  only  the  small  low 
piles  which  are  piled  by  hand,  and  as  pointed  out  previously,  the 
depth  of  the  pile  and  to  some  extent  the  quantity  of  the  coal  piled 
are  factors  in  Hie  liability  to  spontaneous  combustion.  Any  mechanical 
method  of  piling  should  be  so  devised  that  there  will  be  the  least 
possible  segregation  of  the  sizes  of  coal  and  the  least  possible  breakage 
in  handling.     The  coal  should  be  distributed  in  layers  over  the  whole 
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or  a  considerable  part  of  the  pile  and  not  dropped  at  one  point 
so  as  to  produce  a  conical  pile.  In  a  conical  pile  the  fine  material 
is  generally  found  at  the  center  and  the  lumps  at  the  outside  and 
toward  the  bottom  of  the  slope;  this  arrangement  gives  a  passage- 
way for  air  to  enter  the  pile  and  to  reach  the  fine  coal  near  the  center, 
which  is  the  most  liable  to  spontaneous  combustion.  A  number  of 
fires  have  started  at  a  point  within  the  pile  where  the  flow  of  the  air 
current  was  obstructed  by  the  fine  coal,  thus  establishing  a  condition 
in  which  the  material  most  liable  to  spontaneous  combustion  was  in 
contact  with  an  excessive  amount  of  oxygen.  On  account  of  the  rapid 
oxidation  of  fine  coal,  the  air  current  passing  through  such  coal  should 
be  greater  than  that  passing  through  larger  sizes,  while  if  the  coal 
segregates  in  piling  just  the  opposite  condition  is  set  up.  To  prevent 
breakage  the  clam-shell  or  other  bucket  should  be  lowered  near  to 
the  surface  of  the  pile  before  being  dumped. 

Table  7 
Effect  on  Spontaneous  Combustion  of  Method  of  Piling  Coal 


Questionnaire  A 

Questionnaire  Ii 

Method 

Total 

Fired 

Not 
Fired 

Total 

Fired 

Not 
Fired 

i 
i 

5H 
1 

6 

201 

35 

166 

1 

4 
4 

2 

•> 

4 

2 

2 

0 
13 

5 

3 

7 
4 

ti 

ti 

1 

1 

1 

7 
2 

3 

4 

2 

l 

1 

Not  stated 

58 

21 

37 

7y2 

35H 

7'-. 
17H 

18 

1 
3 
1 
2 

7 

1 
2 

1 
1 

2 

3 

2 

2 

1 

4 
1 

Totals 

7s 

45 

33 

303 

75 

228 

*   !  L.  indicates  that  a  storage  pile  was  partly  piled  by  one  method  and  partly  by  another. 
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18.  Causes  of  Fires. — The  question,  "What  in  your  opinion  was 
the  cause  of  the  fire?"  brought  forth  a  number  of  reasons  which  are 
listed  in  Table  8  for  the  purpose  of  expressing  popular  opinion  on  the 
subject. 

Table  8 
Causes  of  Fire 


Causes  of  Fire 


Outside  Bource  of  heal  or  aid  to  combustion  in  contact 

with  coal 

Ground  saturated  with  oil 

Wood  in  coal 

Heat  from  boiler 

Litter  from  stables 

Rust  from  embedded  steel  rails    

Moisture  or  weather  conditions 

Rain 

Blanket  of  snow 

Wet  coal 

Contact  wet  and  dry  coal 

Wet  ground  or  water  under  pile 

Weather  condition  when  coal  was  unloaded 

Sun 

Sulphur 

No  reason  evident  except  coal  itself  or  method  of  piling 

Lack  of  ventilation 

Air  circulation 

Segregation  of  sizes 

Fine  coal 

Mixture  of  coal '. 

New  coal  piled  on  old  coal    

Pile  too  deep 

Quality  of  coal 

No  opinion 

Totals 


Questionnaire  H 


1 

1 
2 

"i* 

i 

31 


75 


19.  Extent  of  Fires  When  Discovered. — The  extent  to  which 
the  fire  was  allowed  to  progress  before  discovery  has  been  tabulated, 
not  because  it  tells  anything  about  the  cause  of  the  fire,  but  because 
it  serves  as  an  indication  of  the  attention  given  the  storage  pile: 


Table  9 
Extent  to  which  Heating  Had  Progressed 


Condition  of  Fire 

Questionnaire  A 

Questionnaire  B 

( )dor  only 

Smoke 

Ablaze 

0 
2(3 

7 
12 

3 
39 
13 
20 

Totals 

45 

75 
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If  precautions  had  been  taken  by  the  ordinary  methods  of  watch- 
ing for  fires  and  by  being  prepared  to  handle  them  promptly,  none 
of  the  fires  should  have  reached  the  point  of  blazing.  If  thermometer 
readings  are  taken,  the  heating  of  the  pile  can  be  stopped  before  it 
reaches  the  point  where  smoke  due  to  combustion  is  given  off.  Temper- 
ature readings  are  not  taken  nearly  so  often  as  they  should  be  in 
watching  a  storage  pile  but  the  following  reports  are  of  interest,  as 
showing  very  imperfectly  some  relation  between  observed  temperature 
and  the  other  evidence  of  firing  in  a  coal  pile.  The  indefinite  use  of 
the  term,  fire,  renders  any  generalization  from  these  figures  impossible 
as  fire  and  heating  are  too  often  used  synonymously. 

Table  10 
Temperature  Observed  in  Storage  Piles 


No  Fires  ( )bserved 

Fires  Observed 

145°  Fahr.    Coal  moved 

G9°-82° 

120°               Coal  moved 

132°  Fahr.     Short  time  before  lire 

180°                Smoking 

160°                 Smoking 

140°                Before  smoke  seen 

180°                After  smoke  seen 

185°                Smoking 

Temperature  readings  were  not  taken  in  any  one  of  the  75  piles 
where  fires  occurred  as  noted  in  Questionnaire  B  and  in  only  one  case 
of  the  303  reports  of  storage  was  there  a  temperature  reading  taken. 
This  was  125  degrees  Fahr.,  in  the  center  of  a  storage  pile.  "When 
the  coal  was  removed  from  above  this  point,  the  pile  cooled  off. 

20.  Danger  Temperatures  in  CoaJ  Piles. — One  railroad  advises 
loading  out  the  coal  if  the  temperature  reaches  100  degrees,  but  as 
the  temperature  in  the  sun  in  summer  over  a  large  part  of  the  United 
States  is  frequently  above  100  degrees,  this  regulation  would  be  im- 
practicable. Moreover,  summer  is  the  best  time  to  store  much  of  the 
coal  on  account  of  production  and  transportation  conditions. 

J.  H.  Anderson*  says:  "Ninety  degrees  Fahr.  was  made  a  warn- 
ing temperature.  One  hundred  degrees  Fahr.  was  adopted  as  a 
danger  reading  at  which  point  a  trench  was  dug  in  the  pile."t 

*  Trans.   Inst,   of  Marine   Engineers,   Vol.   XXX,    June,    1918. 

t  See  page  36  for  method  adopted  by  Mr.  Anderson  to  arrest  rise  in  temperature. 
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In  Circular  No.  6,  140  degrees  was  given  as  a  warning  tempera- 
ture; later  studies  indicate  that  if  the  temperature  reaches  140  degrees 
the  pile  should  be  carefully  watched  and  if  the  temperature  con- 
tinues to  rise  rapidly  to  150  or  160  degrees,  the  coal  should  be  moved 
as  promptly  as  possible  and  the  coal  thus  moved  should  be  thoroughly 
cooled  before  being  replaced  in  storage.  If  the  temperature  rises 
slowly,  although  the  pile  should  be  carefully  watched,  it  is  not  neces- 
sary to  begin  moving  the  coal  at  so  low  a  temperature  as  when  the 
rise  is  rapid,  for  the  temperature  may  recede  and  the  danger  be 
passed. 

21.  Detection  of  Coal  Pile  Fires. — The  common  methods  of  de- 
tecting the  beating  of  a  coal  pile  are: 

(1)  By  watching  for  evidences  of  steaming  in  the  pile. 

(2)  By  noting  the  odor  given  off;  bituminous  or  sul- 
phurous odors  are  evidences  of  heating. 

(3)  By  noting  places  where  snow  on  a  pile  has  melted. 

(4)  By  inserting  an  iron  rod  in  the  pile,  and  by  noting 
its  temperature  with  the  hand  after  withdrawal. 

(5)  By  inserting  thermometers  into  the  pile  and  read- 
ing directly. 

(6)  By  using  a  pyrometer  or  plates  connected  with  an 
automatic  recording  device. 

The  first  three  methods  are  so  self-evident  in  their  application 
that  it  is  unnecessary  to  discuss  them  in  detail,  but  with  a  large  pile, 
and  particularly  one  where  the  heating  is  distant  from  the  surface, 
a  fire  may  reach  an  advanced  stage  without  being  detected  by  surface 
indications. 

Method  No.  4,  by  which  the  temperature  of  an  iron  rod  is  noted 
with  the  hand,  is  a  simple  test,  and  one  well-adapted  to  piles  not 
over  eighteen  to  twenty  feet  deep.  By  this  means  a  janitor  using  a 
poker  may  keep  informed  as  to  the  condition  of  the  comparatively 
small  amounts  stored  in  house  or  apartment  basements. 

Temperature  readings  with  a  thermometer  or  pyrometer  furnish 
by  far  the  best  and  most  reliable  method  for  keeping  informed  on 
the  exact  condition  of  a  coal  pile. 

To  get  the  temperature  of  the  inside  of  a  coal  pile  it  is  necessary 
first  to  provide  an  opening  into  which  a  thermometer  or  a  pyrometer 


?? 


Fig.  1.     Pile  of  Screenings  with  Temperature  Tubes,  Closed  at  Upper 
Ends  by  Wooden  Plugs 
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may  be  inserted.  Such  openings  may  be  made  after  the  coal  is  in 
storage  by  driving  pipes  into  the  pile,  but  it  is  easier  to  place  these 
pipes  when  the  coal  is  being  stored.  Pipes  left  permanently  in  a 
pile  are  a  disadvantage  as  they  interfere  with  the  appliances  used 
to  remove  the  coal.  Instead  of  leaving  the  pipe  in  the  coal  pile  it 
is  sometimes  necessary  only  to  drive  it  and  then  withdraw  it,  the  hole 
remaining  open  sufficiently  to  permit  the  insertion  of  the  thermometer. 
To  prevent  the  hole  from  filling  with  coal,  an  inverted  funnel  of  paper 
is  used  in  Canada. 

Such  pipes  as  shown  in  Fig.  1  should  be  plugged  at  the  upper 
end  so  as  to  exclude  the  outside  air,  for  if  ventilation  is  allowed 
through  these  pipes,  a  correct  temperature  reading  of  the  interior  of 
the  coal  pile  is  not  obtained. 

If  an  iron  pipe  of  small  diameter  is  forced  into  the  coal  pile 
and  is  then  moved  up  and  down,  the  small  amount  of  coal  which  has 
entered  the  pipe  is  removed.  To  prevent  the  pipe  from  filling  up 
with  coal  as  it  is  driven  into  the  pile,  a  pointed  plug  may  be  placed 
in  the  end  of  the  pipe  and  when  the  pipe  has  been  forced  into  the 
pile  to  the  desired  depth  the  plug  may  be  driven  out  by  means  of  a 
rod  inside  the  pipe.  Before  inserting  the  thermometer  the  pipe  should 
be  pulled  up  a  slight  distance  so  that  the  thermometer  reading  may 
give  the  temperature  of  the  coal  and  not  that  of  the  iron  pipe. 

One  answer  to  the  questionnaire  described  a  method  of  making 
an  observation  hole  by  running  a  rod  into  the  pile  and  then  moving 
it  around  in  a  circle  to  form  a  hole  sufficiently  large  and  open  for  the 
insertion  of  a  thermometer. 

The  Arthur  D.  Little  Company,  Incorporated,  of  Boston,  makes 
the  holes  with  a  regular  coal  auger  drill  which  is  described  as  follows  : 

"These  augers  are  regular  mine  auger  drills  and  the  total  length  of  the 
auger  can  be  extended  indefinitely  by  sectional  parts  fitted  with  screw  threads. 
It  is  preferable  to  have  a  handle  for  turning  the  drill,  although  this  can  be  very 
easily  accomplished  by  means  of  a  Stillson  wrench." 

J.  H.  Anderson*  describes  a  method  that  he  used  with  success 
for  watching  and  regulating  the  temperature  of  coal  piles.  A  storage 
pile  of  about  16  000  tons  composed  of  a  variety  of  coals  which  would 
not  be  stored  under  ordinary  circumstances  was  chosen  for  experi- 
mental purposes,  the  depth  of  the  pile  varying  at  different  points. 
The  coal  was  stored  on  marshy  ground  above  a  ditch  which  had  been 
filled  with  ashes  to  the  level  of  the  surrounding  marsh.     Some  of  the 

*  Trans.  Inst,  of  Marine  Engineers,   June,    i;ms. 
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coal  was  deposited  during  very  hot  weal  her  and  some  during  heavy 
rain.  Some  was  dry  when  unloaded  from  the  si  earner  and  some 
soaking  wet.  The  conditions  thus  seemed  to  be  particularly  unfavor- 
able and  extra  care  was  exercised  in  watching  the  pile.  Tempera- 
ture readings  were  taken  at  fourteen  differenl  places  in  the  pile 
nearly  exevy  day  at  a  depth  of  seven  feet  from  the  surface,  as  pre- 
vious experience  had  shown  that  the  warmest  place  was  between  six 
and  eighl  feel  from  1  he  surface.  This  standard  depth  was  also  adopted 
for  comparing  the  results  obtained  in  piles  in  other  parts  of  the 
county.  Occasional  check  readings  were  taken  at  every  fool  depth 
in  the  pile.  The  temperature  tubes  ;!|  inch  to  1  inch  in  diameter 
were  driven  to  the  bottom  of  the  coal  and  were  long  enough  to  pro- 
ject two  or  three  feel  above  the  pile.  Each  tube  had  a  numbered 
metal  label  on  it  for  purposes  of  easy  identification.  In  addition  to 
the  temperature  pipes  about  fifty  "vent"  pipes  were  placed  in  the 
pile,  not  to  ventilate  the  whole  pile,  but  to  draw  off  hot  gases  from 
local  points.  These  pipes  were  3  inches  to  4  inches  in  diameter  and  8 
feet  long.  About  S  inches  along  the  length  four  holes  were  punched 
from  the  outside  with  a  square  tapered  punch  to  about  :'y\  inch;  thus 
leaving  a  burr  which  prevented  the  coal  from  going  down  inside  the 
pipe.  To  facilitate  driving  into  the  coal  pile,  the  ends  of  the  pipes  were 
flattened  chisel-shaped  with  an  aperture  about  one-half  inch  left  to 
prevent  an  accumulation  of  water  at  the  bottom  of  the  pipe  and  to 
permit  the  escape  of  air  and  gases.  The  pipes  were  driven  to  a  depth 
of  seven  feet  in  the  coal,  leaving  one  foot  projecting  above  the  surface. 
A  distinctive  number  was  painted  on  each  so  that  temperature  read- 
ings could  be  properly  accredited. 

By  means  of  periodical  temperature  readings  a  close  watch  was 
kept  on  the  pile.  Ninety  degrees  Fahr.  was  made  a  warning  tempera- 
ture and  when  this  temperature  was  observed  at  any  place,  four  tem- 
perature pipes  were  driven  north,  south,  east,  and  west  about  ten  feet 
from  the  warm  pipe.  The  next  day  readings  of  the  four  pipes  were 
carefully  noted  and  the  one  showing  the  highest  temperature  was 
made  the  center  and  other  pipes  were  put  down  around  it.  When 
the  warmest  spot  was  found  in  this  way,  a  vent  pipe  was  put  in  at 
this  point  and  the  rise  in  temperature  was  generally  arrested.  The 
smaller  temperature  pipes  were  then  removed.  One  hundred  degrees 
Fahr.  was  adopted  as  a  danger  reading  and  if  the  vent  pipe  failed 
to  arrest  the  temperature  and  it  reached  100  degrees,  a  trench  one 
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fool  deep  was  dug.  It'  the  daily  readings  were  ]()()  degrees  for,  say 
three  days,  a  spot  would  be  trenched  three  feet  deep.  The  danger 
temperature  originally  adopted  was  95  degrees  Fahr.,  and  on  four 
separate  occasions  trenching  was  done  at  one  place,  ahout  10  000  tons 
of  material  being  removed.  As  the  readings  in  this  pile  at  no  time 
reached  100  degrees  Fahr.,  the  trenching  probably  would  have  been 
unnecessary  if  additional  vent  pipes  had  been  used.  The  coal  was  16 
feet  deep  at  this  point. 

A  somewhat   similar   method   used   by   the   Boston   and   Albany 
Railroad  is  described  by  S.  Bisbee,  Fuel  Supervisor,  as  follows:* 

"At  one  point  2-ineh  flues  sharpened  at  the  end  were  forced  down  to  the 
bottom  of  the  pile  and  worked  n round,  then  withdrawn,  leaving  a  hole  .'!  to  1 
inches  in  diameter,  the  holes  being  spaced  5  feet  apart.  If  there  is  any  tendency 
to  heat,  the  number  of  holes  is  increased.  Little  trouble  from  spontaneous  com 
bustion.  One  fire  started  around  a  wooden  pier,  and  another  fire  started  in  a  high 
pile  10  feet  from  the  bottom.  Coal  below  this  point  found  to  be  cool  and  no 
further  trouble.  Other  fires  occurred  where  piles  had  been  placed  on  cinders.  In 
no  place  did  we  have  to  dig  out  the  coal  for  a  distance  of  more  than  40  feet,  show 
ing  the  spontaneous  combustion  was  due  to  some  local  cause  and  that  being  re- 
moved there  was  no  further  trouble." 

22.     Appliances  for  Reading  Temperatures. — 

Thermometers 
The  simplest  form  of  thermometer  for  obtaining  the  tempera- 
ture inside  such  temperature  holes  is  an  armored  maximum  register- 
ing thermometer,  as  illustrated  in  Fig.  2. 
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Fie,.  2.    Maximum  Temperature  Thermometer  —  Armored  Type 

Thermostats 
The  Illinois  Central  Railroad  has  used  at  several  coal  chutes, 
thermostats  which  were  placed  on  the  bottom  plates  of  the  coal  bins 
so  that  if  the  coal  heated  in  the  bottom  of  a  bin  an  alarm  would  be 
rung.  These  were  installed  in  connection  with  an  automatic  hot 
journal  alarm  system  furnished  by  the  Western  Fire  Appliance  Com- 
pany of  Chicago. 


*  "Storage    of    Coal    by    Railroads    during    mis."    by    H.    H.    Stock.      Inter.    Ry.    Fuel 
Assoc.    Friii'..    1019. 
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Recording   Thermometers 

A  recording  thermometer,  made  by  the  Foxboro  Company,  for 
obtaining  the  temperature  of  a  coal  pile,  is  illustrated  in  Fig.  3. 
It  consists  of  a  recording  pen  that  is  operated  by  the  vapor  tension 
from  a  volatile  liquid  placed  in  a  bulb  at  the  end  of  a  long  flexible 
armored  tube.  This  capillary  tube  is  usually  about  five  feet  long 
but  practically  any  desired  length  may  be  used.  To  register  ac- 
curately the  temperature  of  the  hub  must  be  about  that  of  the  at- 
mosphere. The  instrument  can  be  equipped  with  an  electrical  alarm 
so  thai  a  bell  or  other  means  of  signal  will  be  operated  if  the  tempera- 
lure  rises  to  a  predetermined  danger  point. 

A  cheaper  installation  consists  of  a  dial  thermometer  as  shown 
in  Fig.  4,  similarly  connected  to  a  bulb  by  a  protected  capillary  tube. 
This  form  can  also  be  arranged  to  give  warning  automatically  when 
a  given  temperature  is  reached. 

The  Zeleny  Thermometer 

The  Zeleny  Thermometer  system  which  is  extensively  used  for 
observing  the  tempesature  of  grain  in  storage  tanks  or  bins  has  been 
adopted  for  observing  the  temperature  of  coal  in  storage  in  silos, 
pockets,  or  other  storage  bins. 

The  apparatus  consists  of  a  reading  instrument  and  a  switch- 
board as  shown  in  Fig.  5.  From  the  contact  points  of  the  switch- 
board, wires  lead  to  the  various  points  in  the  bins  where  the  tempera- 
ture is  desired.  The  contact  pins  are  properly  labeled  and  when  the 
switch  lever  is  placed  in  contact  with  any  one  of  these,  the  reading 
instrument  indicates  the  temperature.  In  this  way  the  temperature 
of  many  stations  may  be  determined  in  a  short  time.  The  action  of 
the  instrument  depends  upon  the  thermo-electric  properties  of  the 
metals  used  in  the  construction  of  the  circuits.  The  wires  leading 
into  the  coal  are  enclosed  in  heavy  steel  conduits  so  as  to  withstand 
the  pull  of  the  coal  when  the  bins  are  being  emptied.  These  steel 
conduits  are  supported  at  the  top  but  are  free  to  swing  at  the  bottom. 
Naturally  when  there  is  coal  in  a  bin  the  conduit  is  held  stationary 
by  the  coal.  When  the  bin  is  empty  the  lower  end  of  the  conduit  may 
be  tied  by  a  small  rope  to  the  bottom  of  the  bin  so  as  to  keep  it  from 
swinging  when  the  bin  is  being  filled.  In  coal  silos  or  bins  of  small 
diameter  it  may  be  sufficient  to  know  the  temperature  of  the  coal 
along  the  walls  or  other  supports  in  the  bins;  in  this  case  the  swing- 
ing steel  conduits  could  be  eliminated,  and  stations  fixed  at  several 
points  along  walls  or  supports. 
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Fig.  3.    Eecording  Thermometer  —  Long  Distance  Type 


FlQ.  4.     Indicating  Thermometer  —  Long  Distance  Type 


Fig.  5.     Zelexy  Thermometer  System  —  Reading  Instrument  and 

Switch  Board 


Fig.  6.     Indicating  Pyrometer  —  Millivoltmeter  Type 
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Fig.  7.     Indicating  Pyrometer  with  Alarm  Attachment 


Fig.  8.     Indicating  Pyrometer — Potentiometer  Type 


Without 
Case 


With 
Case 
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Fig.  9.     Base  Metal  Thermocouples  fob  Pyrometers 
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Pyrometers 

Fig.  6  shows  a  portable  electric  pyrometer  that  has  been  used 
for  obtaining  the  temperature  of  coal  piles  and  Fig.  7  a  similar  alarm 
pyrometer. 

A  recording  pyrometer  may  be  connected  with  a  rotary  switch 
having  any  desired  number  of  points,  each  point  suitably  connected 
with  a  separate  thermocouple  that  may  be  placed  in  any  part  of  the 
coal  pile. 

An  indicating  pyrometer  of  the  potentiometer  type  for  use  with 
thermocouples  is  shown  in  Fig.  8.  This  reads  in  millivolts  and  it  may 
be  used  with  most  types  of  thermocouples.  The  cold  junction  compen- 
sator on  the  instrument  is  also  calibrated  in  millivolts.  With  this 
instrument  it  is  necessary  to  use  a  transfer  table  of  millivolts  and 
temperature  for  the  particular  thermocouples  used.  The  instrument 
will  cover  a  range  of  approximately  zero  degrees  to  340  degrees  Fahr. 
Fig.  9  illustrates  the  type  of  base  metal  couple  for  use  with  this 
instrument. 

Thermocouples  and  Potentiometers 

Fig.  10  shows  a  method  of  observing  temperatures  in  a  coal  pile 
of  10  000  tons  described  by  T.  W.  Poppe.*  Observations  were  taken 
at  points  noted  in  the  plan  inside  of  one-inch  wrought  iron  pipes 
welded  to  a  point  at  the  ends  which  were  driven  into  the  pile.  The 
exposed  ends  were  fitted  with  self-closing  caps  to  prevent  the  entrance 
into  the  pipes  of  anything  that  might  interfere  with  the  introduction 
of  thermocouples.  Fifteen  portable  thermocouples  were  used  and  the 
wiring  from  these  extended  to  a  pole  centrally  located  in  the  coal 
pile  from  which  a  permanent  wire  extended  to  the  engineer's  office. 
The  switches  in  the  office  were  numbered  and  lettered  to  correspond 
with  the  pipes  in  the  coal  pile.  An  attendant  placed  the  thermocouples 
in  the  pipes  1  to  15  row  A  and  the  readings  were  taken  at  the  switch- 
board. As  soon  as  the  last  couple  had  been  placed  in  15  A,  the  atten- 
dant began  to  move  thermocouple  1  A  to  1  B,  etc.,  in  numerical 
sequence,  the  time  elapsing  between  the  placing  of  1  and  15  being 
sufficient  to  allow  the  couples  to  become  heated  to  the  temperatures 
in  the  several  pipes.  A  recording  pyrometer  can  also  be  used  with 
the  arrangement  outlined.  If  a  temperature  of  250  degrees  was  in- 
dicated at  any  point,  the  nearby  coal  was  at  once  moved  to  a  point 


*  Power.    Nov.    5.    1918. 
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Fig.  10.     Plan  and  Section  of  Coal  Pile  Showing  Arrangement  of 
Receptacles  for  Pyrometers 

near  the  place  of  consumption.  In  removing  the  coal  from  this  pile 
to  the  boiler  plant  it  was  taken  off  in  layers  two  feet  thick  over  the 
whole  pile,  a  gradual  slope  being  maintained  as  shown  to  facilitate 
the  use  of  a  wheelbarrow. 

Mr.  G.  J.  Congdon,  Supervisor  of  Fuel  of  the  Chicago  Great 
Western  Railroad,  has  described  the  use  of  a  thermocouple  and  po- 
tentiometer bv  his  road  as  follows: 


''The  machine  was  purchased  after  the  coal  was  on  the  ground  and  in  order  to 
get  the  thermocouple  down  into  the  coal  it  was  necessary  to  drive  old  flues  into  the 
piles  about  15  feet  apart  and  in  addition  we  have  a  portable,  jointed  pipe  winch  can 
be  driven  into  the  piles  at  any  place  desired  where  the  temperature  may  be  thought 
to  be  rising.  These  pipes  are  perforated  at  the  bottom  and  covered  at  the  top  in 
order  to  keep  the  circulation  down  as  low  as  possible. 

"  By  means  of  the  blank  form  (Fig.  11)  which  is  filled  out  on  the  ground, 
a  careful  check  is  kept  to  see  whether  the  temperature  is  rising  or  falling.  It  is 
a  very  simple  matter  to  see  how  the  coal  is  storing  as  the  temperature  can  be  com 
pa icd  from  week  to  week  and  where  there  is  an  inclination  to  rise  consistently 
we  proposed  to  dig  out  that  particular  spot  and  use  the  coal  at  once  in  order  that 
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if  may  not  spread  to  the  rest  of  the  pile,  but  we  have  never  had  to  remove  any 
of  our  coal  on  account  of  heating. 

"The  cables  we  use  have  five  couples  but  it  was  never  necessary  to  use  but 
three  of  the  couples  as  we  had  our  coal  piles  only  10  to  12  feet  high.  The  tem- 
peratures were  taken  by  inserting  this  cable  into  the  flue  driven  to  the  bottom  of 
the  coal  or  nearly  so  and  leaving  it  to  adjust  itself  to  the  temperature  in  the  pipe, 
taking  care  meanwhile  to  keep  the  top  of  the  pipe  covered  as  much  as  possible. 
This  takes  only  a  few  seconds.  By  changing  the  terminals  on  the  cable  to  the 
potentiometer  we  could  ascertain  the  temperature  at  the  bottom,  five  feet  from 
the  bottom  and  ten  feet  from  the  bottom  or  by  graduating  the  cable  you  could 
insert  the  same  to  any  depth  desired  although  on  the  whole  I  think  but  one  tem- 
perature is  about  all  you  could  get  from  the  flue  and  that  would  be  the  highest  one. 

"One  of  the  bad  features  of  the  machine  is  the  fact  that  it  is  very  hard  to 
get  it  even  on  top  of  a  coal  pile  and  unless  it  is  level  there  is  liable  to  be  quite  a 
difference  in  two  readings  even  taken  on  the  same  day.  I  used  a  small  spirit  level 
for  this  purpose  satisfactorily. ' ' 

23.  Time  when  Fire  Was  Noted. — The  length  of  lime  the  coal 
was  in  storage  before  lire  was  discovered  is  shown  by  the  graphs, 
Figs.  12  and  13  where  the  number  of  fires  and  the  time  in  weeks  are 
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Graph  Showing  Length  of  Time  Coal  Was  in  Storage  when 
Fire  Was  Discovered  (Questionnaire  A) 


the  coordinates.  These  graphs  show  that  most  of  the  fires  occurred 
in  the  first  three  months  of  storage.  After  that  the  hazard  decreased 
as  the  time  increased.  This  result  is  in  agreement  with  the  Chicago 
fire  observations   (see  page  63),  except  that  the  peak  of  the  graph 
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occurs  at  eight  weeks  for  cases  reported  in  answers  to  Questionnaires 
A  and  B,  while  for  the  Chicago  fires  it  occurs  at  twelve  weeks. 

These  results  confirm  the  opinion  expressed  in  Circular  No.  (i  that, 
during  the  first  three  months  after  storage,  particular  attention  should 
be  given  to  watching  a  coal  pile,  and  while  the  danger  is  by  no  means 
past  after  three  months,  the  liability  to  fire  seems  to  decrease  rapidly. 
In  this  connection  it  should  be  noted  that  much  of  the  coal  involved 
in  the  answers  to  Questionnaires  A  and  B  was  stored  during  the  hot 
summer  months  so  that  the  initial  temperature  was  often  high,  which 
fact  would  tend  to  hasten  spontaneous  combustion.  Some  of  those 
who  store  large  quantities  of  coal  do  not  feel  that  a  pile  is  entirely 
safe  until  it  has  been  in  storage  through  one  summer,  but  the  ex- 
perience of  the  Commonwealth  Company  quoted  on  page  23  shows 
that  fires  may  occur  after  a  pile  has  passed  one  summer. 

J.  H.  Anderson  says  :* 

"As  a  rule  the  greatest  danger  is  up  to  about  three  months  from  the  time 
of  taking  the  coal  from  the  pit. ' ' 

24.  Reducing  Temperature  and  Extinguishivf/  Fires  in  Coal 
Piles. — The  following  methods  are  employed  for  reducing  the  tempera- 
ture in  a  coal  pile. 


*  Trans.  Inst,   of  Marine  Kngineers,   Vol.   XXX,   p.   92,   June,    1918. 
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Moving  the  Coal 

The  most  effective  met  hod  of  combating  a  tendency  to  fire  in  a 
coal  pile  is  by  turning  over  the  coal  and  exposing  it  to  the  air  so 
that  it  may  be  thoroughly  cooled.  Care  must  be  taken  in  exposing 
hot  coal  to  the  air,  for,  if  the  temperature  is  too  high,  as  soon  as  the 
hot  spol  is  opened  ou1  the  mass  will  burst  into  flame  and  the  fire 
spread  very  rapidly.  Therefore,  if  there  is  evidence  of  a  high  tempera- 
ture the  spot  should  not  be  opened  out  unless  there  are  ample  appli- 
ances at  hand  immediately  to  move  the  liot  coal  or  water  sufficient 
to  put  out  any  fire  that  may  start  and  thoroughly  to  cool  off  the  mass. 

Whenever  the  fire  has  reached  the  stage  where  the  coal  is  actually 
ablaze,  it  may  be  necessary  to  use  water  but,  in  general,  water  should 
not  be  used  if  it  can  be  avoided. 

The  smoke  and  fumes  given  off  by  the  burning  coal  make  the 
work  of  moving  a  coal  pile  very  unpleasant,  especially  in  a  confined 
space,  and  the  workmen  may  become  dizzy.  This  difficulty  was  over- 
come at  a  tire  in  the  basement  of  the  .Manual  Arts  Building  of  the 
public  schools  of  Charles  City,  Iowa,  during  the  spring  of  1916,*  by 
installing  an  electrically  driven  fan  in  such  a  way  as  to  draw  the 
smoke  out  of  the  basement  so  that  the  workmen  could  shovel  the  coal. 
The  fan  also  drew  fresh  air  over-  the  shovelers,  kept  the  space  clear 
of  smoke,  and  prevented  the  smoke  from  entering  the  building. 
When  the  fire  was  reached  the  smoldering  coal  was  removed.  Tin; 
use  of  water  on  a  previous  occasion  is  said  to  have  added  to  the 
trouble,  but  the  reason  is  not  stated. 

Use  of  Water 

The  opinion  is  very  commonly  held  that  although  fire  in  a  coal 
pile  is  apparently  extinguished  by  water,  another  fire  is  apt  to  break 
out  in  the  same  place.  One  reason  for  this  was  seen  in  at  least  one 
of  the  Chicago  fires  which  were  visited  during  the  summer  and  fall 
of  1918.  It  was  noted  that  as  a  result  of  the  heating  of  the  coal,  a 
coating  of  tar  had  sealed  the  coal  together  in  such  a  way  that  the 
seat  of  the  fire  at  the  center  of  the  mass  could  not  be  reached  by 
water.  A  coal  pile  also  may  have  so  much  fine  coal  in  it  that  the 
water  can  not  penetrate  to  the  point  of  the  fire. 

The  ineffectiveness  of  a  continued  wetting  of  the  surface  of  a 
coal    pile  in   keeping  down   a   fire  was  demonstrated  by  the   Aurora, 
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Elgin,  and  Chicago  Railroad  at  Batavia,  Illinois,  in  connection  with 
a  storage  pile  of  12  000  tons  of  Warrick  County,  Indiana,  mine-run 
winch  gave  trouble  from  heating  during  the  summer  of  1918.  A 
pipe  (see  Pig.  14)  was  suspended  over  the  pile  of  coal  and  to  this 
pipe  were  attached  nozzles  or  sprinklers  with  which  the  eoal  was 
sprinkled  continuously  for  six  or  eight  weeks. 

The  chief  engineer  of  the  plant  reports  that  as  soon  as  the  water 
was  turned  off  the  fire  started  up  again.  He  also  states  that  in  his 
opinion  the  fires  were  never  thoroughly  quenched  throughout  the 
piles, — that  is,  the  water  reached  only  the  surface.  The  system  was 
discontinued  late  in  November  to  prevent  freezing,  and  a  number  of 
fires  were  reported  in  the  piles  during  the  winter,  so  that  it  became 
necessary  to  reclaim  a  great  deal  of  the  coal  during  February  and 
March. 

A  number  of  instances  have  been  cited  where  perforated  pipes 
were  said  to  have  been  driven  into  heating  piles  and  water-  injected 
into  the  pile  at  some  depth  through  these  pipes.  There  have  been  no 
personal  observations  of  such  an  appliance  upon  which  to  base  any 
conclusions  as  to  the  results  of  this  method,  but  of  six  companies 
said  by  a  manufacturer  to  be  using  the  method  successfully,  one 
says  that  it  was  a  complete  failure,  two  have  not  tried  such  an  appli- 
ance, one  has  not  given  it  a  sufficient  trial  to  express  an  opinion,  one 
said  the  appliance  failed  because  tar  clogged  the  nozzle,  but  thinks 
the  apparatus  would  operate  on  certain  kinds  of  coal,  and  one  only 
had  found  it  successful. 

In  England  those  who  store  coal  have  reached  the  same  con- 
clusion in  regard  to  the  use  of  water  and  J.  II.  Anderson  sa\ 

"In  case  of  a  tire  in  a  heap  of  eoal,  although  plenty  of  water  should  be  avail- 
able to  quench  out  a  lire  if  tlames  are  seen  issuing,  still  common  sense  must  be 
used  before  we  do  even  this,  it  being  better  to  dig  all  round  the  lire;  then,  if 
possible,  remove  the  hot  coals  away  from  the  heap ;  then  quench  the  material 
there. 

"Plenty  of  warning  will  lie  given  and  the  spot  localized  before  there  is  any 
actual  danger  if  a  systematic  method  of  temperature  readings  is  carried  out.  In 
case  of  overheating,  the  seat  of  heating  would  be  dug  out.  (heat  difficulty  would 
be  experienced  to  get  water  to  a  fire  in  the  middle  of  a  heap,  as  the  fire  would 
cause  a  certain  amount  of  the  coal  to  melt  and  form  a  coked  mass. 

"Of  course,  if  the  lire  was  in  a  receptacle  that  could  be  flooded  out.  such  as 
a  storage  bin  or  a  vessel's  hold,  it  may  be  the  best  plan  to  flood;  but  I  certainty 
should  not  do  this  except  when  there  was  an  actual  hie  that  could  not  be  treated 
otherwise. ' ' 


Trans.    Inst,   of   Marine    Engineers,    p.    92,    June,    1918. 
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It  is  evident  that  the  exact  effect  of  moistening  coal  requires 
furl  her  examination  as  the  results  of  experiments  thus  far  performed 
and  the  opinions  expressed  by  different  experimenters  are  not  in 
agreement. 

In  Technical  Paper  No.  16  the  authors  say:* 

"The  effect  of  moisture  and  the  effect  of  sulphur  on  the  spontaneous  heating 
of  coal  are  questions  on  which  there  has  been  a  great  deal  of  discussion  and  much 
difference  of  opinion.  Very  little  experimental  evidence  has  been  brought  to 
bear  on  either  of  the  questions,  and  certainly  neither  is  as  yet  settled.  Richters 
has  shown  that  in  the  laboratory  dry  coal  oxidizes  more  rapidly  than  moist;  but 
the  weight  of  opinion  among  practical  users  of  coal  is  that  moisture  promotes 
spontaneous  heating.  In  not  one  of  the  many  cases  of  spontaneous  combustion 
observed  by  the  authors,  as  representatives  of  the  Bureau  of  Mines,  could  it  be 
proved  that  moisture  had  been  a  factor.  Still  the  physical  effects  of  moisture  on 
line  coal,  such  as  closer  packing  together  of  dust  or  small  pieces,  may  in  many 
cases  aid  spontaneous  heating. ' ' 

In  Technical  Paper  113f  the  authors  conclude: 

"Heat  is  produced  by  wetting  dry  coal  or  a  partly  dried  coal  containing  less 
than  its  normal  percentage  of  inherent  water.  The  relative  quantity  of  heat 
generated  depends  upon  the  kind  of  coal  and  its  deficiency  in  inherent  water  as 
referred  to  its  maximum  normal  content.  In  other  words  the  thermal  effect  of 
wetting  varies  directly  as  some  function  of  the  relative  vapor  pressure  deficiency 
in  the  coal.  The  results  of  calorimetric  determinations  of  the  heat  of  wetting  for 
different  coals  and  for  various  percentage  of  water  content  are  tabulated  and 
illustrated  by  diagrams  in  the  paper.  Sub-bituminous  coal  from  Wyoming  that 
had  been  dried  produced,  by  complete  wetting,  19.2  calories  of  heat  per  gram  of 
dry  coal;  brown  lignite  from  North  Dakota,  25.5  calories;  bituminous  coal  from 
Franklin  County,  Illinois,  6.8  calories;  and  bituminous  coal  from  the  Pittsburgh 
bed,  one  calorie. 

' '  On  the  basis  of  known  specific  heats  of  these  coals,  if  the  values  of  the  satur- 
ated coals  are  taken  and  it  is  assumed  that  no  heat  is  lost  to  the  containing 
vessel  or  to  excess  water,  or  by  radiation,  the  heat  developed  would  raise  the 
temperature  of  the  different  coals  as  follows: 

Degr.   C. 

Wyoming    coal 43 

Brown    lignite    from    North    Dakota     64 

Franklin     County,     Illinois     20 

Pittsburgh  bituminous    * 4 


*  U.    S.    Bureau    of    Mines,    1912,    "Deterioration    and    Spontaneous    Heating   of    Coal    in 
Storage,"  by  H.  C.  Porter  and  F.  K.  Ovitz. 

t  U.    S.    Bureau    of   Mines,    1915.     "Some   properties   of    the   Water    in    Coal,"    by    H.    C. 
Porter   and    O.    C.    Ralston. 
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Fig.  14.     Sprinkler  System  Used  by  Aurora,  Elgin,  and  Chicago 
Railroad  Company,  Batavia,  Illinois 
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Iii  Technical  Paper  No.  172*  the  authors  conclude : 

"The  experiments  showed  that  with  Illinois  coal  thoroughly  dried  the  rate 
of  oxidation  at  ordinary  temperatures  was  greater  than  with  a  comparative  sam- 
ple of  moist  coal.  On  the  other  hand  a  thoroughly  dried  sample  of  Pittsburgh  coal 
oxidized  at  a  slower  rate  than  a  comparatively  moist  sample  of  the  same  coal.  This 
difference  between  the  two  coals  probably  explains  the  discrepancies  in  the  ob- 
servations of  different  experimenters.  Eichters  found  that  a  German  coal  ab- 
sorbed more  oxygen  when  dry  than  when  moist.  Mahler,  investigating  a  French 
coal,  and  Graham,  investigating  an  English  coal,  found  that  moist  coal  absorbed 
more  oxygen  than  dry.  Evidently  the  rates  of  oxidation  of  different  coals  are 
not  affected  uniformly  by  moisture. ' ' 

The  investigators  named  worked  with  small  quantities  of  coal  in 
the  laboratory  and  used  extreme  conditions.  Under  actual  conditions 
of  storage  both  the  coal  and  the  air  always  contain  moisture.  Hence 
it  seems  doubtful  whether  water,  other  than  the  excess  that  actually 
wets  the  coal  plays  an  important  part  in  the  rate  at  which  coal 
oxidizes  at  the  lower  temperature,  with  consequent  increase  in  the 
danger  of  spontaneous  combustion.  The  experiments  conducted  on 
a  working  scale  by  Fayol,  who  could  find  no  influence  of  wet  weather 
on  spontaneous  combustion,  and  by  the  New  South  Wales  Commission, 
which  found  that  actual  wetting  of  the  coal  produced  a  cooling  effect 
during  storage,  tend  to  confirm  this  idea. 

The  authors  of  Technical  Paper  172  summarize  their  conclusions 
as  follows : 

"However,  the  opinion  among  coal  shippers  and  consumers  that  there  is  more 
danger  of  spontaneous  combustion  during  warm,  wet  weather  than  during  dry 
weather  may  have  another  basis,  the  physical  changes  brought  about  by  wetting 
the  coal  on  the  surface  of  the  pile.  Such  wetting  reduces  the  proportion  of  voids 
or  open  spaces  in  the  mass.  If  the  coal  is  divided  into  particles  fine  enough,  the 
water  will  fill  the  voids  completely  and  be  held  there  by  capillary  attraction.  Such 
a  mass  of  coal  and  water  on  any  part  of  a  pile  would  block  the  passage  of  air  at 
that  place.  As  a  result  the  conditions  of  ventilation  in  the  pile  before  the  wetting 
would  be  changed,  so  that,  is  some  instances,  the  heat  generated  by  the  gradual 
oxidation  of  the  coal  would  be  retained  until  the  temperature  of  ignition  was 
reached. 

' '  For  instance  in  a  pile  of  coal  formed  in  the  usual  manner  with  the  fines  at 
the  top  because  of  the  rolling  down  of  larger  particles  there  would  be  a  mass 
overlain  with  an  impervious  cover  through  the  wetting  of  the  outside  surface. 
This  cover  would  prevent  air  eirculating  by  convection.  Under  such  conditions 
oxygen  would  diffuse,  as  the  coal  absorbed  it,  from  the  lower  parts  of  the  pile  to 


*  U.     S.     Bureau     of     Mines,     1917,     "Effect     of     Moisture'    on     the     Specific     Heatihg     of 
.Stored   Coal,"   by   S.   Tf.   K:itz   and  H.  0.   Porter. 


.11  ILLINOIS  ENGINEERING   EXPERIMENT  STATION 

the  covered  part.  The  heat  produced  would  be  retained  in  the  pile,  and  the  tem- 
perature of  the  coal  would  increase  at  a  rate  dependent  on  the  rate  of  oxidation 
alone;  ignition  temperature  would  readily  be  reached,  and  a  spontaneous  fire 
produced.  The  conditions  described  have  been  approximated  to  a  degree  in  many 
storage  piles  of  coal.  In  those  piles  moisture  had  a  decided  influence  in  the  pro- 
duction of  spontaneous  lire." 

J.  I>.  Porter*  summarizes  tlie  effect  of  moisture  as  follows: 

1 '  From  the  Reports  of  the  Eoyal  Commission  on  Coal  Cargoes  in  England 
I  1876)  and  in  New  South  Wales  (1S07)  one  might  conclude  that  coal  containing 
much  moisture  would  be  likely  to  heat  badly;  ye!  out  of  L!ti  person::,  who  in  1 S 7 « i 
testified  to  the  injurious  effects  of  moisture,  25  admitted  on  cross-examination 
that  they  were  simply  repeating  hearsay,  and  the  other  remaining  witness  was  not 
available  for  cross-examination;  furthermore,  although  the  bulk  of  the  testimony 
in  1897  was  apparently  to  the  same  effect,  the  conclusions  of  the  Commission 
did  not  give  it  much  weight. 

"One  would  naturally  expect  that  a  coal  containing  moisture  would  be  re- 
tarded in  its  heating  because,  until  all  the  moisture  has  been  evaporated,  the  tem- 
perature cannot  rise  above  Kill  degrees  C.  Yet,  on  the  other  hand,  the  steam  per- 
colating through  the  surrounding  mass,  and  condensing  in  the  cooler  parts,  will 
heat  as  well  as  moisten  them,  and  may  thus  tend  to  hasten  oxidation  in  those 
parts. 

"It  would  seem  that  the  experiments  (of  Richters)  definitely  prove  that  mois- 
ture hindered  the  absorption  of  oxygen  of  the  coal  in  question,  but  this  is  not  in 
accordance  with  the  results  of  recent  experiments  by  Porter  and  Cameron,  and 
furthermore,  there  is  no  doubt  that  moisture  will  increase  the  rate  of  oxidation 
of  pyrite;  and  whether  the  net  results  will  be  an  increase  or  decrease  in  the  final 
temperature  must  depend  on  the  amount  of  pyrite  present  and  on  the  amount  of 
moisture. ' ' 

Fayol  experimented  with : 

1.  Fresh  fine  coal. 

2.  The  same  eoal  dried  in  ovens  at  a  temperature  not  ex- 

ceeding 40  degrees. 
8.     The  same  coal  dried  hut  sprinkled  to  make  it  damp  hut 
not  wet. 

A  number  of  piles  of  each  kind  were  placed  under  similar  con- 
ditions and  temperature  observations  were  made  every  day  for  several 
months.  The  temperature  changes  were  found  to  he  practically  the 
same  in  all  the  piles  and  in  no  case  did  the  temperature  rise  above 
50  degrees. 


*  "An    Investigation    of    the    Conls    of    Canada,"    Extra     Vol.,    Canadian     Dept.    of    Minos 
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Parr  and  Kressmann*  studied  dry  and  wet  coals  a1  temperatures 
of  40,  60,  80,  and  150  degrees  Ci  Without  exception  in  these  tests 
wetting:  the  coal  increased  the  activity  as  shown  by  the  ultimate 
temperature.  It  must  be  remembered,  however,  that  these  coals  were 
stored  at  high  temperatures  which  were  raised  by  external  heat. 

J.  P>.  Porter  says : 

"A  study  of  their  results  would  seem  to  show  that  the  wet  coals  did  not  heat 
on  their  own  account  until  this  externally  applied  heat  raised  them  above  SO 
degree  ('.,  which  is  fatal  to  many  coals." 

J.  P.  Porter  concludes  his  study  as  follows: 

''In  conclusion  it  may  lie  said  that  in  all  probability  the  temperatures  of  or- 
dinary coals  under  ordinary  conditions  of  storage  are  not  raised  to  any  appreci- 
able extent  by  moisture.  The  question  naturally  arises,  what  was  the  basis  of  the 
once  prevalent  belief  that  moisture  was  an  important  factor  in  spontaneous 
heating? 

"This  belief  is,  no  doubt,  chiefly  due  to  the  confusion  of  cause  and  effect  on 
the  part  of  persons  who  have  discovered  fires  in  coal  storage.  It  is  commonly  ob- 
served that  fires  or  hot  spots  in  the  pile  are  discovered  shortly  after  rain  storms, 
and  that  nearly  always  a  hot  spot  is  surrounded  by  damp  or  wet  coal  even  if  the 
main  part  of  the  pile  is  dry.  The  first  case  is  easily  explained  by  the  fact  that 
dry  coal  is  so  poor  a  conductor  that  the  surface  of  a  pile  may  show  no  indica- 
tion of  a  hot  spot  or  even  an  incipient  fire  in  the  interior.  A  rain  storm  would, 
however,  provide  moisture  enough  to  soak  into  the  pile,  and  this  moisture  on  ap- 
proaching the  hot  spot  would  be  turned  into  steam  which  would  work  its  way 
back  to  the  surface  and  be  observed,  thus  attracting  attention  to  the  hitherto  un- 
suspected heating.  The  second  explanation  is  equally  simple.  Air  dry  coal  al- 
ways contains  some  moisture,  and  in  lignitic  coals  there  is  also  a  very  consider- 
able amount  of  combined  water.  In  the  case  of  a  hot  spot  in  the  interior  of  a 
pile  this  moisture  is  driven  off,  either  escaping  at  the  surface  as  steam,  or  con- 
densing on  the  cooler  coal  in  the  neighborhood.  Added  to  this  there  is,  of  course, 
an  actual  formation  of  water  when  the  hydrogen  constituents  of  coal  are  oxidized. 

"As  an  illustration  of  the  second  case  it  may  be  noted  that  during  the  ex- 
periments of  the  author  at  Outremont  and  Glace  Bay  vapor  or  condensed  moisture 
was  always  noticed  in  the  observation  tubes  in  the  neighborhood  of  hot  spots  even 
when  the  temperature  was  far  below  the  boiling  point." 

The  following  extract  from  Circular  No.  6  has  a  direct  bearing 
on  the  same  point,    In  a  private  communication  Dr.  J.  P.  Porter  says  : 

' '  I  fully  appreciate  the  fact  that  nearly  everybody  experienced  in  the  storage 
of  coal  objects  to  the   use  of  water  for   quenching  fires   in   storage  piles.      I  ex- 


I " 1 1 i v .  of  III.,   Eng.   Exp.   Sta.   Bull.  No.  46. 
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press  scepticism  as  to  the  harmfulness  of  water  quenching.  Recent  information 
strengthens  this  scepticism,  and  I  have  come  across  several  cases  of  successful 
fire  fighting  by  the  intelligent  use  of  water.  The  fuel  agent  of  the  Canadian 
Pacific  Eailway  states  that  he  always  recommends  the  use  of  water  if  the  fire 
is  a  small  one,  and  particularly  if  it  is  detected  in  an  incipient  stage.  His  practice 
is  to  locate  the  hot  spot  by  driving  test  rods  into  the  pile  and  then  to  dig  a  pit 
one  or  two  feet  deep  right  over  the  center  of  trouble;  to  drive  and  pull  pointed 
rods  or  open  pipes  from  it  down  into  the  heating  mass  and  then  to  fill  the  pit  with 
water,  thus  quenching  the  fire  at  the  very  center.  At  the  same  time  if  the  fire  is  a 
large  one  he  surrounds  the  whole  heated  part  with  a  water  curtain  made  by  digging 
a  ring  ditch  one  or  two  feet  deep  and  perforating  its  bottom  with  a  row  of  holes 
as  in  ventilation.  This  ditch  like  the  central  hole  is  kept  full  of  water  from  the 
hose,  and  if  there  is  a  tendency  for  the  fire  to  be  driven  outward  from  the  center, 
it  is  quenched  by  the  water  curtain. 

"This  method  of  putting  out  a  fire  is,  of  course,  costly,  but  it  is  enormously 
quicker  and  less  costly  than  that  of  digging  out  and  results  in  far  less  loss  of 
material.     Personally,  I  am  confident  that  it  will  prove  successful  in  any  ordinary 

case.  '  ' 

Use  of  Carbon  Dioxide  and  Bicarbonate  of  Soda 
A  number  of  attempts  have  been  made  to  utilize  the  smothering 
effect  of  carbon  dioxide  gas  and  solutions  of  bicarbonate  of  soda  in 
ways  somewhat  similar  to  those  used  in  the  ordinary  hand  grenade 
or  fire  extinguishers  of  the  Babcock  and  of  similar  types.  The  effect 
of  C02  on  fire  is  certain  if  it  can  be  localized  and  applied  where  needed. 
The  difficulty  in  a  large  coal  pile  is  to  confine  the  gases.  The  evidence 
as  to  the  effectiveness  of  these  agents  in  fighting  fires  in  coal  piles  is 
by  no  means  conclusive  either  for  or  against  the  method. 

Parr  and  Kressmann*  have  shown  that  the  saturation  of  coal 
with  a  3  per  cent  solution  of  bicarbonate  of  soda  exerted  very  little, 
if  any,  retarding  influence  on  the  oxidation  of  the  coal,  although  the 
saturation  of  the  coal  with  a  10  per  cent  solution  had  quite  a  retard- 
ing influence.  The  experiments  were  carried  on  not  for  the  purpose 
of  finding  methods  which  would  extinguish  a  fire  but  which  would 
prevent  spontaneous  combustion. 

In  a  report  upon  the  Thomas  Automatic  Fire  Extinguishing 
System,  which  uses  a  solution  of  bicarbonate  of  soda,  the  Pittsburgh 
Testing  Laboratory  has  reported  as  follows : 

' '  In  this  method  of  fire  extinguishing  there  are  the  following  important 
factors : 


*  "T1h>    Spontaneous    Combustion    of    Coal,"    Bull.    No.    40,    p.    45,    Univ.    of    111.,    Eng 
Exp.   Sta. 
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1.  Quenching  effect  of  water  alone. 

2.  Smothering  effect  of  carbon  dioxide  gas  which  is  liberated  at  the 
surface  of  the  burning  material. 

3.  Smothering  effect  of  the  water  vapor  liberated  by  the  chemical 
force. 

4.  Sealing  and  fire-proofing  effect  of  the  solid,  non-volatile  chemical. 

5.  Chilling  effect  caused  by  the  heat  absorption  when  the  bicarbon- 
ate of  soda  is  broken  up  by  the  heat. 

' '  We  have  examined  carefully  the  photographs  and  data  concerning  fire  tests 
made  with  large  quantities  of  combustible  materials  in  box-cars  and  open  piles. 
We  note  that  these  tests  bear  out  all  that  is  to  be  expected;  namely,  that  water 
charged  with  bicarbonate  of  soda  and  applied  under  high  pressure  extinguishes 
large  fires  almost  immediately. 

' '  A  saturated  solution  of  bicarbonate  of  soda  contains  about  10  per  cent  or  13 
ounces  per  gallon  of  water.  Our  practice  lias  been  to  use  from  2  to  4  ounces  per 
gallon. ' ' 

In  response  to  Questionnaire  A,  the  following  information  con- 
cerning the  use  of  carbonated  water  was  received  from  Robert  Smith, 
Engineer  of  the  Michigan  Alkali  Company,  Wyandotte,  Michigan : 

"The  method  used  consisted  of  a  tank  in  which  the  chemical  was  mixed  and 
fed  into  the  suction  of  a  force  pump  which  used  the  plant  pressure  of  65  pounds 
on  the  suction  and  boosted  the  same  to  140  pounds.  The  nozzle  was  10  feet  long 
made  of  1-inch  pipe  and  it  was  forced  into  the  pile,  but  I  believe  the  best  results 
were  obtained  by  casting  over  the  pile. 

' '  Our  fire  burned  nearly  two  months,  and  towards  the  end  seemed  to  increase. 
We  used  a  solution  of  bicarbonate  of  soda  and  water  and  also  turned  over  the  pile 
and  limited  the  pile  to  25  feet. ' ' 

In  connection  with  the  fire  of  the  Cleveland,  Cincinnati,  Chicago, 
and  St.  Louis  Railroad,  bicarbonate  of  soda  was  used  and  J.  L.  Hamp- 
son,  Fuel  Inspector  of  the  railroad  saj^s : 

"Water  is  mixed  with  soda  in  proper  proportions  by  a  patented  apparatus, 
controlled  by  J.  A.  Thomas  of  Columbus,  Ohio.  It  is  necessary  to  first  put  out 
the  fire  on  the  surface  of  the  pile,  then  with  a  ditcher,  steam  shovel,  or  clam- 
shell, to  throw  this  coal  over  to  a  depth  of  4  or  5  feet  and  then  extinguish  the 
fire  thus  uncovered.  This  is  necessary  for  the  reason  that  this  chemicalized  water 
will  not  penetrate  more  than  4  or  5  feet  in  some  places. 

"We  did  not  use  the  method  until  we  had  given  up  the  idea  of  saving  the 
coal  remaining  on  the  ground  at  Bellefontaine  and  cannot,  therefore,  say  what 
might  have  been  the  result  if  we  had  tried  it  earlier,  for  I  am  inclined  to  think 
that  we  would  have  saved  much  more  of  the  coal. ' ' 
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J.  C.  Dougherty,  Coal  Inspector  for  the  New  York  Central  Kail- 
road,  saj's : 

"In  one  particular  place  where  the  pile  was  not  over  10  feet  in  depth,  a 
barrel  of  bicarbonate  of  soda  was  used.  The  entire  barrel  was  scattered  over  a 
length  not  to  exceed  30  feet.  Water  was  turned  in  onto  it  and  men  drove  bars 
into  the  coal  and  worked  in  tlie  solution.  Explosions  were  heard  and  several  days 
later  the  fire  was  as  bad  as  ever." 

Reports  vary  as  to  the  effectiveness  of  the  use  of  bicarbonate  of 
soda  in  connection  with  fires  on  the  Lake  docks,  and  while  it  is  un- 
doubtedly true  that  if  C02  can  be  confined,  it  will  extinguish  a  fire, 
yet  the  advantage  of  carbonized  water  over  plain  water,  in  connection 
with  the  digging  out  of  hot  spots  has  not  been  thoroughly  demonstrated. 

Ventilation   of   Storage  Piles 

Of  the  forty-five  tires  reported  in  connection  with  Questionnaire 
A,  six  piles  had  some  sort  of  ventilating  device,  three  having  vertical 
pipes,  and  in  one  case  the  method  was  uot  stated.  Of  the  thirty-three 
piles  in  which  no  fires  occurred  one  was  ventilated  by  means  of  ver- 
tical boiler  tubes. 

In  sixteen  of  three  hundred  and  three  storage  piles  reported 
on  in  answers  to  Questionnaire  B,  an  attempt  had  been  made  to 
ventilate  by  means  of  iron  or  wooden  pipes.  In  eleven  of  these  six- 
teen piles  fire  occurred.  These  results  do  not  suggest  that  ventilation 
as  carried  on  is  an  efficient  means  of  preventing  spontaneous  com- 
bustion and  they  agree  very  well  with  the  results  secured  in  the  study 
of  the  fires  in  Chicago  (see  pages  73,  77). 

The  subject  of  the  ventilation  of  coal  piles  is  one  upon  which 
there  is  a  great  difference  of  opinion,  and  the  evidence  is  very  con- 
flicting. It  seems  to  be  quite  a  common  practice  of  Canadian  railroads 
to  ventilate  their  coal  piles  with  a  great  deal  of  care,  and  it  is  the 
opinion  of  Professor  J.  B.  Porter  of  McGill  University  and  of  S.  H. 
Pndney,  Fuel  Inspector  of  the  Canadian  Pacific  Railroad,  that  by 
means  of  proper  ventilation  spontaneous  combustion  can  be  prevented 
and  the  temperature  of  coal  piles  regulated  to  a  very  great  extent. 
Other  correspondents  in  Canada  do  not  fully  agree  with  this  opinion. 
The  experience  of  the  railroads  in  the  United  States  seems  to  differ 
Avidely  upon  this  point,  to  judge  from  the  replies  to  the  questionnaires. 

Attention  should  be  called  to  the  fact  that  many  pipes  placed 
in   coal   piles  are  intended  merely  for  observing  temperatures   with 
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110  thought  of  ventilating  the  piles.  Coal  is  a  poor  conductor  of  heat, 
and  it  is  undoubtedly  true  that  much  of  the  so-called  ventilation  of 
coal  piles  has  been  inadequately  done  because  only  a  few  pipes  have 
been  placed  irregularly  throughout  a  pile.  If  ventilation  is  to  be 
successful,  it  must  be  carefully  done  and  pipes  placed  near  together; 
but  when  so  placed  they  interfere  with  rapid  handling  of  the  coal  and 
increase  the  expense.  The  writers  have  not  seen  an}'  of  the  Canadian 
coal  piles  that  are  reported  to  have  been  ventilated  successfully,  but 
a  study  of  storage  piles  in  the  United  States  in  connection  with  power 
plants  has  shown  that  the  so-called  ventilation  is  usually  not  well 
done  and  has  been  ineffective. 

The  Cleveland,  Cincinnati,  Chicago,  and  St.  Louis  Railroad,  at 
its  Mattoon,  Illinois,  storage  yard  found  that  large  shaft-like  open- 
ings in  the  coal  pile  were  beneficial  in  lowering  the  temperature  of 
the  coal.  These  openings  were  dug  with  a  steam  shovel  and  were 
approximate^  8  ft.  bj*  8  ft.  by  10  ft.  deep. 

At  several  Chicago  storage  piles  it  was  noted  that  fires  broke 
out  near  ventilation  pipes,  and  at  one  place  where  the  coal  storage 
had  been  tiled  horizontally  with  ordinary  drain  tile,  the  fire  traveled 
along  this  tiling,  which  acted  as  a  flue. 

The  subject  is  worthy  of  more  careful  study  and  possibly  of 
experiment,  but  it  should  be  remembered  that  climatic  conditions  may 
have  an  important  influence  on  the  success  of  any  ventilation  method 
and  what  is  successful  in  the  cooler,  drier  climate  of  Canada  may  not 
be  successful  in  the  much  warmer  and  moister  climate  of  Illinois. 
Moreover,  in  Illinois  there  is  not  the  same  drop  in  temperature  at 
night  as  there  is  farther  north,  or  at  a  higher  elevation  as,  for  instance, 
in  Colorado  or  New  Mexico.  Consequently  there  is  much  less  oppor- 
tunity for  a  pile  to  cool  off  over  night. 

Mr.  S.  H.  Pudney  in  an  address*  before  the  Canadian  Railway 
Club  of  Montreal,  gives  the  cost  of  ventilating  coal  as  five  cents  per 
ton  and  states  that  in  the  case  of  Dominion  coals,  the  holes  are  placed 
two  feet  apart,  and  in  the  case  of  United  States  coals  three  feet  apart. 
In  this  same  connection  attention  is  called  to  the  use  of  trenches  dug 
through  the  coal  pile  at  intervals.  This  practice  is  used  by  a  number 
of  railroads  and  has  an  effect  similar  to  cutting  a  long  pile  up  into 
a  number  of  short  ones  by  cross  alley-ways. 


*  Jour,    of    the    Canadian    Railway    Club,    Feb.,    1919. 
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Summary  of  Methods  of  Fighting  Fires 

The  methods  of  handling  the  fires  as  indicated  by  the  question- 
naires is  shown  in  Table  11. 

Table  11 
Methods  of  Figiitino  Fires 


How  Handled 

Questionnaire  A 

Questionnaire  B 

Water  only 

5 
32 

7 
1 

1  1 

Coal  moved  and  water  used 

43 

19 

Not  stated 

2 

Totals 

45 

75 

25.  Damage  to  Property  and  Loss  of  Coal  from  Fires. — In  con- 
nection with  the  replies  to  Questionnaire  A,  it  appeared  that  three 
out  of  forty-five  fires  involved  a  loss  of  property,  but  no  statement  as 
to  the  value  was  made.  The  following  amounts  of  coal  were  reported 
lost  as  the  result  of  such  fires: 

Table  12 
Losses  of  Coal  Due  to  Fires 


Coal  Stored 

Lost 

4700  tons 

800    " 

35000    " 

(i()00    " 

8000    " 

200  tons 

7:,  '• 

200  " 

10   " 

50  " 

In  connection  with  nine  of  the  fires  reported  in  the  answers  to 
Questionnaire  B,  there  was  damage  to  the  adjacent  property,  but  in 
eight  of  the  nine  reported  cases  the  loss  was  less  than  $100.00,  while 
in  one  case  the  loss  was  something  over  $1000.00. 

The  coal  lost  as  the  result  of  the  fires  was  variously  estimated 
at  from  less  than  one  per  cent  to  thirty  per  cent,  but  these  figures 
are  open  to  considerable  question  and  at  the  best  are  only  estimates. 
The  average  estimated  loss  by  the  fire  varied  from  five  to  ten  per  cent 
of  the  coal  in  storage  where  the  fires  took  place. 
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26.  A  Study  of  Fires  in  Coal  Piles  in  Chicago  during  1918.— 
An  excellent  opportunity  to  study  fires  in  coal  piles  was  offered  in 
Chicago  during  the  summer  and  fall  of  1918.  Probably  no  better 
time  or  place  could  have  been  chosen  for  such  a  study,  because,  during 
that  time  the  Fuel  Administration  was  urging  consumers  to  store 
coal,  and,  owing  to  the  great  variety  of  the  industries  in  the  Chicago 
district  and  the  large  amounts  of  coal  brought  in  for  coke  and  gas 
making  purposes,  practically  all  kinds  of  coal  were  stored,  in  spite 
of  the  zoning  system  for  the  distribution  of  coal.  It  is  impossible 
to  state  with  any  degree  of  accuracy  the  total  amount  stored,  but 
practically  every  dwelling  had  some  coal  in  its  cellar,  manufacturers 
were  storing  all  they  could,  and  the  railroads  and  public  service 
corporations  were  storing  to  the  full  capacity  of  their  yards.  The 
Commonwealth-Edison  Company  alone  at  its  different  plants  in  the 
city  had  about  500  000  tons.  The  fires  studied  therefore  occurred 
with  amounts  of  coal  varying  from  that  found  in  an  ordinary  house 
cellar  up  to  piles  containing  thousands  of  tons. 

The  Commercial  Testing  and  Engineering  Company,  1785  Old 
Colony  Building,,  of  which  Mr.  Langtry  is  president,  kindly  placed 
its  office  at  the  disposal  of  the  authors,  and  through  the  courtesy  of 
J.  C.  Donnell,  Chief  of  the  Bureau  of  Fire  Prevention  and  Public 
Safety,  each  morning  a  list  of  all  the  coal  fires  that  had  been  reported 
the  previous  day  was  furnished.  An  attempt  was  made  to  visit  all 
fires  thus  reported  and  to  collect  such  information  as  would  be  of  value 
in  studying  the  problem.  One  hundred  and  twenty-one  fires  were 
visited  and  reported  on,  the  Data  Sheet  (see  Appendix  I)  being 
used  to  facilitate  the  gathering  of  uniform  information.  The  fires 
visited  have  been  classified  under  the  following  heads,  depending  on 
the  cause  of  the  fire : 

Class  1.  Fires  due  partially,  if  not  wholly,  to  outside  sources  of 
heat. 

Class  2.     Combustion  aided  by  foreign  material  in  the  coal. 

Class.  3.  Fires  due  to  no  apparent  cause  except  the  kind  of  coal 
or  the  method  of  piling. 

Table  13  gives  in  tabular  form  a  list  of  the  fires  studied,  classi- 
fied according  to  the  place  in  which  the  coal  was  stored,  and  to  the 
cause  of  the  fire,  with  the  approximate  amount  in  storage  in  each  case. 
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Table  13 
Classification  of  Fires  in  Chicago  Coal  Piles 


Places  Where  Coal  Was  Stored 


'lunches., 


Residences 

Apartments  and  flats 

Hotels,     saloons,     schools, 
business  buildings 

Fraternal  homes     

Manufacturing  plants 

Coal  yards 

(  'train  elevators 

Railway 

Public  service  corporations 


[•otals 


Class  I 


Class  II 


13 

20 


.39 


Class  III 


12 


>,,, 


Total 


1 

27 

19 

1 

33 

35 
2 
1 

1 


Range  of 
Tonnage 
in  Storage 


120 


10 
20  to  500 

40  to  8000 

150 

30  to  50000 

40  to  8000 

150  to  4400 

12000 

10000 


10  to  5000  0 


A  number  of  typical  fires  have  been  selected  from  those  studied 
;iim1  detailed  descriptions  of  these  follow,  arranged  according  to 
causes. 

Class  1.    Tires  Due  Partially,  if  not  Wholly,  to  Outside  Sources  of  Heat 

In  fifteen  of  the  fires  visited  an  outside  source  of  heat  seemed  to 
be  directly  responsible  for  the  spontaneous  combustion  of  the  coal. 
These  sources  of  heat  can  be  classified  as  follows: 

Hot    Water    Tanks    1 

Hot  Pipes    6 

Hot  Furnace    4 

Hot  Chimney  or  Breeching  3 

Hot  Ashes    1 

Total   15 

The  following  is  a  summary  of  the  information  collected  with 
reference  to  these  fires. 

Thirteen  of  the  piles  contained  mine-run  and  two  screenings. 
Thirteen  were  under  cover  and  two  in  the  open.  None  was  ventilated. 
In  four  piles  there  was  a  segregation  of  the  larger  from  the  smaller 
sizes. 

The  length  of  time  which  elapsed  between  placing  the  coal  in 
storage  and  the  discovery  of  fire  is  shown  graphically  in  Fig.  15,  in 
which  the  number  of  fires  is  plotted  against  the  length  of  time  as 
given  in  the  following  tabulation : 
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Time  in  Storage  Number  of  Fires 

3  weeks 1 

8  weeks     3 

12  weeks 6 

15  weeks 1 

16  weeks 1 

No  time  stated    3 
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The  peak  of  the  graph  is  at  twelve  weeks ;  after  that  time  the 
susceptibility  of  the  coal  to  spontaneous  combustion  seemed  to  be  less. 


i 
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Fig.  15.     Graph  Showing  Length  of  Time  Coal  Was  in   Storage  when 
Fire  Was  Discovered  (Chicago  Coal  Pile  Fires,  Class  1) 


The  eases  hereafter  discussed  illustrate  a  too  common  practice 
that  indicates  ignorance  or  disregard  of  the  fact  that  should  be  well 
known  by  all  who  attempt  to  store  coal;  i.  e.,  that  liability  to  spon- 
taneous combustion  increases  very  rapidly  with  increase  in  tempera- 
ture, and  therefore  a  coal  pile  should  be  kept  away  from  all  external 
sources  of  heat. 
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Because  of  the  urgent  necessity  for  laying  in  a  larger  amount 
of  coal  than  in  ordinary  times,  in  many  cases  more  coal  was  bought 
for  storage  purposes  than  could  safely  be  stored  in  the  usual  space 
provided.  Consequently  any  available  space  was  used  without  re- 
gard to  its  adaptability  and  this  fact  explains  some  of  the  fires  of 
this  class.  It  is  probable,  too,  that  the  proper  method  of  storing 
coal  had  not  been  brought  to  the  notice  of  all  concerned. 

A  case  where  about  seventy  tons  of  Franklin  County  mine-run 
coal  was  stored  in  contact  with  a  hot-water  tank  in  the  basement  of 
a  building  is  illustrated  in  Fig.  16.  Heating  of  the  coal  started  two 
or  three  weeks  after  the  coal  was  placed  in  storage,  and  the  center  of 
the  trouble  was  but  a  few  feet  from  the  tank.  The  janitor  tried  to 
keep  the  coal  cool  by  wetting  it  with  water  two  or  three  times  per 
day,  but  finally  called  the  fire  department  as  the  fire  got  beyond 
control.  After  the  pile  was  flooded  with  water  and  the  coal  removed 
from  around  the  hot-water  tank,  there  was  no  more  trouble. 

Six  fires  were  noted  where  the  coal  was  stored  in  contact  with 
or  in  close  proximity  to  hot  pipes.  These  storage  piles  ranged  in 
size  from  forty  tons  to  a  few  thousand  tons  and  in  all  cases  the  coal 
was  either  mine-run  or  screenings. 

A  case  where  an  uncovered  sheet-iron  smoke  pipe  leading  from 
a  furnace  to  the  chimney  was  partially  covered  by  coal  is  shown  in 
Fig.  17.  This  pipe  had  several  holes  in  it  and  at  times  became  so  hot 
that  it  could  not  be  touched  by  the  hand.  After  the  fire,  which  re- 
sulted, was  extinguished  with  water  and  the  coal  removed  from  the 
neighborhood  of  the  hot  pipe,  there  was  no  further  trouble.  Fig.  18 
shows  hot  steam  pipes  placed  in  an  uncovered  trench  about  which 
coal  was  piled ;  fire  resulted. 

In  four  cases  the  heating  was  due  to  the  coal  being  in  contact 
with  a  hot  furnace.  All  of  these  were  in  dwellings,  and  in  every  case 
the  coal  was  mine-run.  In  two  cases  where  the  same  kind  of  coal 
was  stored  in  another  part  of  the  basement  there  was  no  trouble. 
Figs.  19  and  20  are  views  showing  coal  piled  against  furnace  walls 
in  basements.  Fire  occurred  in  both  cases.  Fig.  21  shows  a  chimney 
around  which  coal  was  piled;  fire  started  in  close  proximity  to  the 
chimney.  In  another  case  a  fire  occurred  in  the  basement  of  a  flat 
in  a  coal  pile  at  a  point  where  hot  ashes  from  the  furnace  had  been 
piled  against  the  coal. 


is 


Fig.  16.     Coal  Pjled  around  Hot  Watki;  Tank 


Fig.  17.     Coal  Piled  about  Sheet  Iron  Smoke   Pipe 


Fig.  18.     Hot  Steam  Pipes  about  which  Coal  Was  Piled,  Causing  Fire 


Fig.  19.     Coal  Piled  in  Contact  with  Brick  Wall  of  Furnace 
(Coal  Has  Been  Partially  Eemoved) 
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Fig.  20.     Coal  Piled  in  Contact  with  Brick  Wall  of  Furnace 
(Coal  Has  Been  Partially  Removed) 


Fig.  21.     Coal  Piled  around  Base  op  Chimney 
(Coal  Has  Been  Partially  Removed) 


Fiu.  23.     Fire  Starting  in  Coal  Pile  around  Embedded  Wooden  Beam 


Fin.  24.     Fire  Starting  in  Coal  Pile  around  Timbers  of  Trestle 
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Class  2.     Combustion  Aided  by  Foreign  Material  in  the  Coal 

In  thirty-nine  of  the  fires  visited  the  evidence  indicated  strongly 
that  some  foreign  material  such  as  wood,  paper,  rags,  rosin,  or  sewer 
gas  was  responsible  for  starting  the  combustion  as  shown  in  Table  14. 

Table  14 
Fires  Apparently  Due  to  Foreign  Material  in  Coal  Piles 


Foreign  Material 

No. 

Per  Cent  of 
Class  II 

Per  Cent  of 
Total  Chicago  Fires 

Wood 

31 
5 
1 
2 

79.5 

12.8 

2.6 

5.1 

25.8 

4.1 

.8 

1.6 

39 

100.0 

32.3 

Additional  information  concerning  these  fires  may  be  summa- 
rized as  follows :  Of  the  thirty-nine  piles  in  question,  eighteen  were 
mine-run,  sixteen  were  screenings,  four  were  No.  5,  and  one  was  No. 
3,  No.  4,  and  No.  5  mixed.  Thirteen  of  the  piles  were  under  cover 
and  twenty-six  in  the  open ;  two  were  ventilated  and  thirty-seven 
not ;  in  twenty-seven  there  was  a  segregation  of  sizes,  and  in  twelve 
no  evidence  of  segregation. 

Fig.  22  is  a  graph  showing  the  relation  between  the  number  of 
fires  and  the  length  of  time  in  storage  for  Class  2  corresponding  to 
the  following  tabulation: 


No.  Weeks  in  Storage  No.   of   Fires 

2 1 

6 3 

8 7 

12 9 

14 4 

20 2 

24 1 

28 1 

No  time  stated 11 

As  in  Class  1,  the  most  dangerous  period  was  during  the  first 
twelve  weeks. 

In  view  of  the  fact  that  25.8  per  cent  of  the  total  number  of 
fires  visited  in  Chicago  were  apparently  caused  by  wood  being  mixed 
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Fig.  22.     Graph  Showing  Length  of  Time  Coal  Was  in  Storage  when 
Fire  Was  Discovered  (Chicago  Coal  Pile  Fires,  Class  2) 


with  or  in  contact  with  the  coal,  it  is  very  important  that  those  who 
store  coal  bear  this  in  mind.  Very  often  coal  is  stored  around  a 
wooden  structure  so  that  the  wood  is  embedded  in  the  coal.  This 
is  particularly  the  case  where  coal  is  placed  in  storage  from  a  rail- 
road track  on  a  trestle. 

There  are  two  distinct  ways  in  which  such  embedded  wood  may 
assist  in  starting  combustion :  first,  by  providing  a  flue  along  the 
timber  for  the  circulation  of  an  air  current;  second,  by  acting  as  a 
match  in  starting  combustion  at  a  lower  temperature  than  that  re- 
quired for  coal  alone.  It  has  not  been  definitely  proved  that  wood 
acts  in  the  latter  way  and  the  theory  to  that  effect  is  by  no  means 
universally  accepted  as  being  true. 

Figs.  23  to  30  illustrate  cases  where  fires  started  alongside  of 
or  very  near  wood  embedded  in  the  coal  piles  in  the  form  of  supports 
to  trestles  or  other  structures,  partition  walls  between  piles,  or  en- 
closing walls  for  piles. 


Fig.  25.     View  of  Coal  Pile  Showing  Timber  Retaining  Wall 
Anchored  into  Coal  Pile  by  Wooden  Supports 


Fig.  26.     Partially  Burned  Wooden  Horse  Removed  from  Coal  Pile 


Fig.  27.     Bracing  Timbers  Embedded  in  Coal  Pile 
around  which  flre  started 


Fig.  28.     Wooden  Fence  Partially  Destroyed  by  Fire  in  Coal  Pile, 
Apparently  Due  to  Contact  of  Coal  with  Timbers  of  Fence 
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Fig.  23  shows  a  fire  that  was  detected  by  smoke  coming  out 
along  a  beam  embedded  in  the  coal.  Upon  digging  down  into  the 
pile  the  seat  of  the  fire  was  found  near  the  end  of  the  beam.  In  a 
somewhat  similar  case  fire  started  about  an  old  coal  retarder  that 
had  been  surrounded  by  mine-run  coal  to  a  depth  of  twenty-five  feet 
at  the  place  where  the  fire  occurred.  Fig.  24  shows  a  very  common 
condition.  Smoke  coming  out  along  a  track  laid  on  top  of  a  trestle 
indicates  that  a  fire  has  started  down  in  the  pile.  Such  fires  are  usually 
found  next  to  the  leg  of  the  trestle  when  the  pile  is  dug  into.  In 
one  case  a  fire  was  found  at  every  leg  of  the  trestle  about  which  the 
coal  had  been  dumped.  Fig.  25  shows  a  common  way  of  anchoring 
a  timber  retaining  wall  by  means  of  timbers  placed  in  the  coal  pile. 
Fire  occurred  in  this  pile  but  it  was  impossible  to  locate  exactly  the 
point  of  origin.  A  number  of  fires  could  be  traced  to  no  other  cause 
than  to  similar  wood  anchors  in  the  coal.  Fig.  26  shows  a  wooden 
horse  which  formed  part  of  a  wheelbarrow  runway  that  had  been 
covered  up  with  coal.  Two  of  the  legs  are  burned  off  at  the  end. 
Fig.  27  shows  braces  for  a  timber  partition  wall  embedded  in  coal; 
a  fire  started  around  these  braces.  In  another  case  a  fire  started 
about  a  plank  carelessly  left  in  a  coal  pile.  Fig.  28  shows  an  en- 
closing wooden  fence  along  which  a  fire  started  in  a  pile  of  Saline 
County  screenings.  A  plank  embedded  in  the  pile,  but  projecting 
from  it,  thus  furnishing  a  flue  for  air  to  enter  the  pile,  was  the 
apparent  cause  of  fire  in  another  case  investigated.  A  pile  of  Pana 
No.  5  coal  about  some  old  partitions  caught  fire  apparently  near  one 
of  these  partitions.  In  many  coal  yards  the  flooring  under  the  coal 
piles  is  of  wood  and  at  a  number  of  fires  the  origin  was  traced  directly 
to  this  wooden  floor.  At  other  places  where  pieces  of  wood  were  em- 
bedded in  the  coal  it  was  found  when  the  coal  was  removed  from  the 
pile,  that  the  hottest  places  were  about  these  pieces  of  wood. 

Fig.  29  shows  a  case  where  an  attempt  was  made  to  ventilate  a  pile 
of  screenings  by  placing  horizontal  wooden  tubes  about  six  inches 
square  (indicated  by  arrows)  in  the  pile  as  it  was  put  in  storage.  A 
fire  developed  very  close  to  one  of  these  ventilating  tubes.  Fig.  30 
shows  an  attempt  to  ventilate  screenings  by  means  of  vertical  wooden 
tubes  (indicated  by  arrows).  Fire  developed  very  near  these  tubes. 

Five  of  the  fires  visited  were  apparently  caused  by  an  accumula- 
tion of  wood,  paper,  rags,  etc,  mixed  in  with  the  coal.  At  a  service 
station  visited,  180  tons  of  mine-run  coal  were  placed  in  storage  in  the 
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basement ;  spontaneous  combustion  occurred  near  the  center  of  the  pile 
and  on  removing  the  coal  it  was  found  that  at  this  place  there  was  a 
considerable  amount  of  wood  and  rubbish  mixed  with  the  coal. 

At  a  cold  storage  warehouse  a  fire  developed  in  the  storage  pile 
at  a  point  where  there  was  a  large  amount  of  rubbish  mixed  with  the 
coal  (See  Fig.  31).  From  this  point  the  fire  traveled  toward  a  false 
bottom  of  wood  which  served  as  a  flue. 

A  most  interesting  case  of  fire  was  noted  at  a  yard  where  about 
2500  tons  of  three-inch  screenings  from  Murphysboro,  Illinois,  was 
placed  in  storage.  Rosin  had  formerly  been  stored  in  this  yard,  and 
before  it  was  used  for  coal  storage  a  flooring  of  boards  was  laid  on 
the  ground  over  small  quantities  of  accumulated  waste  rosin.  The  coal 
was  piled  on  these  boards,  and  within  two  months  spontaneous  combus- 
tion developed.  When  the  coal  was  dug  out  with  a  crane,  it  was  noticed 
that  as  the  crane  approached  the  bottom  of  the  pile,  the  heat  became 
more  intense,  and  at  the  bottom  there  was  a  lajer  of  coke  about  one 
foot  thick  on  the  boards  which  were  burned  to  charcoal.  A  large 
quantity  of  molten  rosin  was  mixed  with  the  mass;  the  same  condition 
was  noticed  at  three  different  places  in  the  pile.  It  is  believed  that  the 
pressure  and  a  slight  heating  of  the  coal  caused  the  rosin  to  flow  up 
through  the  space  between  the  pine  boards.  Here  it  became  mixed 
with  the  coal,  and  the  kindling  temperature  of  the  mass  was  lowered  to 
such  an  extent  that  it  readily  took  fire.  The  kindling  temperature  of 
samples  collected  was  so  low  that  they  could  very  easily  be  lighted  by 
the  flame  from  a  match. 

Two  fires  which  occurred  in  basements  of  buildings  started  imme- 
diately over  sewer  outlets.  There  is  no  direct  evidence  that  the  gases 
from  these  sewer  outlets  caused  the  fires,  but  sewer  gases  are  apt  to  be 
moist  and  hot  and  the  proximity  of  the  point  where  the  fires  started  to 
the  sewer  outlets  suggests  that  such  gases  raised  the  temperature  suffi- 
ciently to  cause,  or  at  least  materially  to  aid  combustion. 

One  fire  occurred  in  Chicago  in  clean  sized  No.  3  coal  and  the  only 
explanation  was  that  the  coal  had  become  heated  by  hot  air  entering 
the  pile  through  a  flue  which  led  directly  from  the  top  of  an  adjoining 
boiler  house. 


Fig.  29.     View  of  Pile  of  Screenings  with  Horizontal  Wooden   Vents 
(Indicated  by  Arrows)  near  which  Fire  Developed 
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Fig.  30.     View  of  Coal  Pile,  with  Vertical  Wooden  Vents    (Indicated  by 
Arrows)  near  which  Fire  Developed 


Fig.  31.     Wood  and  Rubbish  in  Coal  Pile  abound  which  Fire  Started 


Fig.  32.    View  op  Coal  Pile  Ventilated  with  Iron  Pipes  which  Acted  as 

Flues;  Fire  Occurred 
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Class  3.    Fires  Due  to  No  Apparent  Cause  except  the  Kind  of  Coal, 
or  the  Method  of  Piling 

In  the  case  of  sixty-six  fires  visited  there  was  no  apparent  cause 
for  the  heating  except  in  the  kind  of  coal  or  in  the  method  of  piling. 
In  a  number  of  instances  it  was  extremely  difficult,  if  not  impossible, 
to  ascertain  the  exact  conditions  which  caused  the  heating. 

The  most  striking  factor  appeared  to  be  the  size  of  the  coal  stored. 
Eighty-six  per  cent  of  these  fires  occurred  in  mine-run  or  screenings, 
and  in  the  case  of  those  few  fires  which  occurred  in  sized  coal  it  was 
noted  that  there  was  a  considerable  amount  of  fine  coal  present,  due  to 
breakage  in  handling,  weathering  of  coal,  and  improper  screenings. 
The  following  table  shows  the  number  and  percentage  of  fires  occur- 
ring with  each  size  of  coal. 


Table  15 
Relation  between  Size  of  Coal  and  Number  of  Fires 


Size  op  Coal 

No.  of  F 

ires 

Percentage 

Aline  run 

35 

22 
3 

:( 
2 

1 

53  0 

Screenings  and  No.  5 

Lump,  50  per  cent,  No.  5,  50  per  rent 

Nut 

33  3 

4.5 
4  5 

Lump 

3.1 

No.  4  Washed  nut 

1  6 

Totals     . 

66 

100  00 

Many  believe  that  coal  is  safer  if  stored  under  cover,  rather  than 
in  the  open.  A  study  of  these  Chicago  fires  would  indicate  that  there 
is  little  difference  whether  the  coal  has  a  cover  over  it  or  not,  for  of 
the  sixty-six  fires  in  Class  3,  thirty-four  were  under  cover  and  thirty- 
two  were  stored  in  the  open. 

At  four  of  the  storage  piles  where  fires  were  investigated  an  at- 
tempt had  been  made  to  ventilate  the  piles  by  using  perforated  iron 
tubes.  Fires  started  very  close  to  some  of  these  tubes  which  apparently 
furnished  the  air  needed  for  combustion.  It  was  noticed  that  the 
smoke  of  a  cigar  was  drawn  down  into  one  pipe  which  thus  acted  as 
an  intake,  while  the  smoke  was  blown  outward  at  another  pipe  which 
served  as  a  chimney:  thus  the  pipes  were  producing  a  circulation  of 
air  through  the  pile. 

Fig.  32  shows  an  attempt  to  ventilate  with  iron  pipes,  which  was 
not  effective,  as  fire  resulted. 
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Special  attention  was  paid  to  the  results  of  segregation  or  pyra- 
miding of  the  coal,  as  it  is  sometimes  called,  when  unloaded  into  the 
storage  piles.  Coal  will  naturally  segregate  into  different  sizes  if  it 
is  continually  dumped  on  one  spot  as  the  pile  is  built  up,  the  fine  coal 
remaining  at  the  center  of  the  pile  and  the  larger  sizes  rolling  to  the 
bottom ;  thus  flues  are  formed  that  carry  the  air  to  the  fine  coal  which 
oxidizes  easily.  This  segregation  of  sizes  was  apparently  the  cause  of 
many  fires,  as  it  was  noted  frequently  that  fires  started  near  the  place 
where  coal  was  shoveled  into  a  basement  through  a  window.  At  this 
point  there  would  be  a  natural  segregation  of  sizes.  The  fire  was 
usually  found  in  the  fine  coal.  Table  16  shows  the  importance  of  this 
item : 

Table  16 
Relation  between  Segregation  of  Sizes  in  Piling  and  Number  of  Fires 


Sizes  segregated  . 
Piled  uniformly  . 
No  information    . 

Totals 


No.  of  Fires 


i\i, 


Percentage 


86.3 

1.6 

12.1 


100.00 


The  relation  between  time  in  storage  and  number  of  fires  was  as 
follows : 

No.  Weeks  in  Storage  No.  of  Fires 

3 3 

4 2 

5 7 

6 4 

8 6 

10 7 

12 11 

14 3 

16 4 

22 3 

26 2 

No  time  stated   14 

Total 66 

Fig.  33  is  a  graphical  presentation  of  the  information  contained 
in  the  above  table,  and  shows  that  as  in  the  other  classes  of  fires  con- 
sidered (see  Figs.  15  and  22)  the  most  dangerous  period  is  during  the 
first  twelve  weeks. 
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Fig.  33.     Graph  Showing  Length  of  Time  Coal  Was  in  Storage  when 
Fire  Was  Discovered  (Chicago  Coal  Pile  Fires,  Class  3) 


27.     Summary  of  Data  from  All  Types  of  Chicago  Fires.- 


Classification  according  to  General  Causes  No. 

Class  1.  Outside  source  of  heat 15 

Class  2.  Foreign   material   in   pile 39 

Class  3.  No  apparent  cause  except  kind  of  coal  or 

method  of  piling 66 


Total  number  of  fires 120 

Size  of  Coal 

Mine-run ti(i 

Screenings 40 

No.  5 4 

No.  3,  No.  4,  and  No.  5  mixed 1 

'Lump  50  per  cent,  Screenings  50  per  cent     .... 

Nut 

Lump 2 

No.  4  Washed  Nut 1 


Per  Cent 
12.5 
32.5 

55.0 


100.0 


55.0 

33.3 

3.4 

.8 
2.5 
2.5 
1.7 

.8 


Total  number  of  iires 120 


100.0 
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Place  of  Storage 

Under   cover    . 
In  the  open    . 


No. 
60 
60 


Per  Cent 
50.0 
50.0 


Total  number  of  fires 120 

Methods  of  Piling 

Sizes    segregated 89 

Piled  uniformly 1 

No  evidence  of  segregation 30 

Total  number  of  fires 120 


100.0 

74.2 

.8 

25.0 

100.0 


The  relation  between  length  of  time  in  storage  and  number  of 

fires  was  as  follows  : 


Length  of  Time  in  Storage 

(Weeks) 

No.  of  Fires 

No.  of  Fires 

(Cumulative 

Total) 

2 

1 
4 
2 

7 
7 

Hi 
7 

20 
7 
G 
2 
3 
1 
2 
1 

28 

1 

4    . 

7 

14 

6  .      .      .      . 

21 

8 

37 

1(1    .                                                                           

44 

12    .       .      .                    

70 

14    .       .       .                                                     

77 

l(i          

83 

20 

8.r> 

22 

88 

24 

89 

2(J   .      .                         ....                               

91 

28   ...      .                                                  

92 

No  time  stated 

Total 

120 

Fig.  34  shows  graphically  the  relation  between  the  length  of  time 
in  storage  and  the  number  of  fires  occurring  for  all  Chicago  fires 
studied. 

Fig.  35  is  a  cumulative  curve  which  shows  the  total  number  of 
fires  occurring  plotted  against  the  time  in  storage. 

These  data  seem  to  show  clearly  that  the  following  considerations 
should  be  taken  into  account  in  storing  coal  under  the  conditions  pre- 
vailing,' in  connection  with  the  Chicago  fires. 


1.  Coal  should  never  be  subjected  to  heat  from  outside 
sources,  such  as  hot  pipes,  boilers,  etc. 

2.  Foreign  combustible  material  should  be  kept  out  of 
the  pile. 
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3.  The  coal  should  be  piled  in  uniform  sizes  and  segre- 
gation prevented. 

4.  Sized  coal  only  should  be  stored,  if  possible. 

5.  It  is  immaterial  whether  the  storage  is  under  cover 
or  in  the  open. 

6.  The  greatest  liability  to  fires  seems  to  be  within  the 
first  three  or  four  months  and  during  that  time  special  care 
should  be  taken  to  watch  the  pile  for  evidences  of  combustion. 

The  illustrations  given  are  selected  from  a  great  number  of  pho- 
tographs taken  at  more  than  one  hundred  fires  visited  in  Chicago  and 
in  other  cities,  where  the  conditions  were  found  to  be  similar  in  most 
respects  to  those  found  in  Chicago  with  the  exception  that  usually 
smaller  amounts  were  stored. 
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Fig.  34.     Graph  Showing  Length  of  Time  Coal  Was  in  Storage  when 
Fire  Was  Discovered  (All  Classes  of  Chicago  Coal  Pile  Fires) 
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IV.     Effects  of  Storage  upon  the  Properties  of  Coal 

In  Circular  No.  6  the  effects  of  storage  upon  the  properties  of  coal 
were  considered  under  the  following  heads : 

1.  Appearance. 

2.  Loss  of  heating  value. 

3.  Firing  qualities. 

4.  Spontaneous  combustion. 

5.  Coking  and  gas-making  properties. 

6.  Degradation  or  the  increase  in  the  amount  of  fine 
coal  and  dust  due  to  breakage  from  handling  and  to  slacking 
or  weathering. 

7.  Loss  in  weight. 

The  conclusions  in  Circular  No.  6  were  as  follows  : 

(a)  The  heating  value  of  coal  as  expressed  in  B.t.u.  is 
decreased  very  little  by  storage,  but  the  opinion  is  widespread 
that  storage  coal  burns  less  freely  than  fresh  coal.  Experi- 
ments indicate  that  much  of  this  deficiency  may  be  overcome 
by  keeping  a  thinner  bed  on  the  grate  and  by  regulating  the 
draft. 

(b)  The  coking  properties  of  most  coals  seem  to  decrease 
as  a  result  of  storage,  but  coals  vary  greatly  in  this  respect. 

(c)  The  deterioration  of  coal  stored  under  water  is  neg- 
ligible, and  such  coal  absorbs  very  little  extra  moisture.  If 
only  part  of  a  coal  pile  is  submerged,  the  part  exposed  to  the 
air  is  still  liable  to  spontaneous  combustion. 

Although  a  study  of  the  data  gathered  in  connection  with  rail- 
road storage  shows  that  a  few  consider  that  stored  coal  burns  better 
than  fresh  and  although  similar  opinions  have  also  been  given  by  those 
reporting  on  stationary  power  plants,  yet  the  conclusion  seems  scarcely 
tenable.  As  pointed  out  by  Parr  in  his  bulletins,  there  may  be  a  slight 
increase  in  B.t.u.  value  due  to  the  washing  out  of  the  sulphur  con- 
tents, thus  giving  a  greater  carbon  content  per  ton  in  the  resultant 
coal.  This  difference,  however,  is  so  slight  as  not  to  be  appreciable  in 
ordinary  firing. 
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It  should  be  remembered  that  very  often  the  apparent  deteriora- 
tion in  the  coal  taken  out  of  storage  is  due  not  to  any  change  in  the 
coal  but  to  the  fact  that  the  clam-shell  or  other  device  used  for  re- 
claiming, digs  into  the  ground  under  the  pile  and  mixes  soil  or  refuse 
with  the  coal.  It  should  also  be  remembered  that  the  experiments  at 
the  University  of  Illinois,  which  indicated  that  storage  coal  can  be 
burned  as  readily  as  fresh  coal  if  a  thinner  bed  is  kept  on  the  grate 
and  if  the  draft  is  properly  regulated,  applied  particularly  to  sta- 
tionary plants  and  that  the  draft  cannot  be  so  well  regulated  in  locomo- 
tive practice. 

The  following  analyses  furnished  by  W.  D.  Langtry  confirm  the 
conclusion  that  the  decrease  in  heating  value  in  B.t.u.  of  stored  coal 
is  very  slight. 

Coal  stored  by  the  Indianapolis  Abattoir  Company  for  two  years 
showed  a  decrease  in  B.t.u.  of  only  5.85  per  cent,  as  indicated  by  the 
following  analyses : 

„     i  en.       j   i     •       inio  Same  Kind  of  Coal  in 

Coal  Stored  during  1918  Storage  for  TwQ  Yearg 

Moisture 13.66  17.19 

Dry  Ash 14.33  14.17 

Dry    B.t.u 12  393  11  668 

Indiana  fourth  vein  coal  showed  a  falling  off  of  B.t.u.  of  only 
about  one  per  cent ,  as  indicated  by  the  following  analyses : 

Coal  from  Same  Mine 
Average  of  472  cars  Fuel  Coal  in  Storage  for 

one  year 

Moisture         13.66  17.96 

Dry  Ash 14.33  14.52 

Dry    B.t.u 12  393  12  200 

Variation  in  heating  value  in  coal  from  Murphysboro,  Illinois, 
was  very  slight  after  fifty-one  days  in  storage,  as  is  shown  by  the 
following  figures,  and  the  slight  difference  could  be  easily  attributed 
to  variation  in  sampling  and  analyses : 

About  Dec.  1,  1918  Jan.  24,  1919 

Moisture 10.08  10.65 

Ash 15.41  14.90 

Volatile 31.28  31.56 

Fixed   Carbon      ....  43.23  43.89 
B.t.u.   (Moisture,  ash,  and 

sulphur    free)        ...  14  848  14  822 
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Another  test  of  Murphysboro  screenings  placed  in  storage  on  the 
West  Side  in  Chicago  gave  the  following  results : 


Coal  from 

Boiler  Room 

(or  Fresh  Coal) 

Coal  in  Storage 
4  Months 

Coal  in  Storage 
18  Months 

Per  Cent 
Commercial 

Per  Cent 
Commercial 

Per  Cent 
Commercial 

Moisture 

Ash 

10.25 

9.08 

33.18 

47.49 

14  816 

12.44 

9.16 

33.12 

45.28 

14  761 

11.89 
7  98 

Volatile 

33.28 

B.t.u.  (moisture,  ash,  and  sulphur  free) 

46.85 
14  713 

The  coal  in  storage  18  months  was  piled  10  or  12  feet  high  and 
the  pile  was  about  150  feet  long  and  25  feet  wide,  bulkheaded  with 
wooden  anchors  running  into  the  pile.  It  was  reported  that  the  tem- 
perature was  at  no  time  more  than  a  few  degrees  over  100  degrees 
Fahr. 

The  Engineering  Supplement  of  the  London  Times  for  July  27, 
1917,  in  discussing  the  storage  of  coal,  says : 

' '  The  loss  due  to  weathering  need  not  cause  much  concern  since  it  would  not 
be  large  from  the  pecuniary  point  of  view.  Colliery  owners  could  in  many  cases 
select  for  storage  the  coals  which,  owing  to  their  physical  properties  and  chem- 
ical composition,  are  most  immune  from  the  effects  of  weathering  or  storage. 
Some  tests  on  the  effect  of  exposure  on  certain  coals  yielded  the  following  re- 
sults: 


Description  of  Coal 

Storage  Condition 

Effect  on  Calorific  Power 

Bengal  coal,  India 
Scotch  anthracite  cobbles* 
Scotch  house  coal* 

Large  stocks  exposed  for  12  months 

in  the  open   . 
Samples  exposed  to  all  weathers  in 

England  for  2%  years 
Sample  exposed  as  above  for  2J4 

years 

Depth  of  stock  4  ft.,  aver. 

loss  7.6  per  cent 
Loss  3.3  per  cent 

Loss  8.4  per  cent 

*  These  coals,  if  stored  in  large  quantities,  would  not  show  such  a  loss,  as  the  total 
coal  which  is  covered  by  the  overlying  layeTs  would  be  protected  from  the  effects  of  the 
weather." 
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V.     Storage  Systems 

In  Circular  No.  6,  Chapter  V,  the  points  to  be  considered  in  choos- 
ing a  storage  system  and  the  requirements  of  an  ideal  storage  plant 
were  discussed.  The  following  types  of  storage  were  described  in  con- 
siderable detail : 

Hand-operated  storage  systems. 

Storage  by  motor  truck. 

Pile  storage  from  cars  without  a  trestle. 

Trestle  storage. 

Storage  with  side  dump  cars. 

Side-hill  storage. 

Use  of  mast  and  gaff  arrangement  in  storage. 

Locomotive  crane  storage. 

Parallel  track  storage. 

The  trestle  and  crane  system. 

Circular  storage. 

Steeple  towers. 

The  Hunt  system. 

Bridge  storage. 

Deep  reinforced  concrete  storage  bins. 

Underwater  storage. 

Since  the  publication  of  Circular  No.  6,  a  large  number  of  storage 
plants  have  been  investigated  and  the  following  descriptions  include 
a  number  of  new  sj-stems  and  also  additional  information  about  some 
types  that  were  described  in  Circular  No.  6. 

28.  Hand  and  Truck  Storage. — There  are  no  developments  to  re- 
port in  connection  with  hand  storage  systems  since  the  publication  of 
Circular  No.  6. 

The  pile  of  coal  stored  by  motor  truck  at  the  University  of  Illinois, 
as  described  in  Circular  No.  6,  is  still  in  storage  and  there  have  been 
no  evidences  of  fire.  The  coal  was  screened  1%  nut  in  size  when  stored 
during  1918  and  though  the  outside  of  the  pile  is  now  finely  pulverized, 
the  coal  exposed  by  digging  into  the  pile  to  the  depth  of  a  foot  has  the 
same  appearance  as  when  stored. 
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29.  Pile  Storage. — Pile  storage  from  cars  which  run  on  a  track 
laid  on  the  coal  pile  and  raised  from  time  to  time  is  probably  the 
method  most  widely  used  by  railroads.  It  is  also  adopted  to  some  ex- 
tent by  commercial  plants  because  it  is  the  easiest  in  application,  and 
requires  only  a  small  expenditure  of  money  for  permanent  equipment 
and  because  the  track  can  be  moved  from  place  to  place  as  desired. 

The  objections  to  the  method  are : 

(a)  The  pyramiding  effect;  that  is,  the  segregation  of 
fine  coal  at  the  center  and  top  of  the  pile  is  intensified  as  the 
locomotive  and  loaded  train  crush  the  coal  under  the  track. 

(b)  It  is  not  practicable  to  divide  the  coal  by  cross- 
passageways  so  as  to  make  a  number  of  small  piles  and  thus 
render  each  pile  easy  of  access  for  reclaiming. 

(c)  When  coal  is  piled  in  this  way  adequate  track  provi- 
sion for  moving  the  coal  quickly  is  apt  to  be  neglected  until  it 
is  time  to  move  the  coal  and  a  track  cannot  then  be  put  in  place 
quickly  enough  to  save  the  pile.  Where  this  method  is  used 
the  track  should  be  moved  from  the  top  of  the  pile  to  the 
surface  alongside  the  pile  so  as  to  provide  for  the  rapid  load- 
ing out  of  the  coal,  if  necessary.  The  use  of  a  standard  rail- 
road ballast  spreader  to  spread  the  coal  on  the  pile  is  to  be 
preferred  to  the  ordinary  method  of  dragging  a  tie  through 
the  coal. 

Mr.  J.  F.  Hanson,  Fuel  Supervisor  of  the  Cleveland,  Cincinnati, 
Chicago,  and  St.  Louis  Railroad,  says : 

"Our  experience  this  year  (1918)  has  certainly  demonstrated  that  coal  can- 
not be  stored  successfully  by  dumping  cars  over  the  track  and  then  raising  the 
track  through  the  coal. ' ' 

On  the  other  hand  during  1917  the  Illinois  Central  Railroad  suc- 
cessfully stored  run-of-mine  in  this  way  at  two  mines  near  Duquoin. 
Illinois.  Although  the  method  has  been  successfully  used  in  a  number 
of  instances,  it  is  the  least  desirable  of  all  methods  and  is  to  be  avoided 
if  possible. 

Pile  storage  with  the  tracks  placed  alongside  of  the  pile  rather 
than  on  top  is  extensively  used,  and  has  not  the  same  disadvantages  as 
pile  storage  with  the  tracks  raised  on  top  of  the  pile.  Fig.  36,  shows 
long  piles  of  the  Missouri,  Kansas,  and  Texas  Railroad,  Enid,  Okla- 
homa. 
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The  track  should  be  kept  in  place,  so  that  the  coal  can  be  loaded 
out  promptly,  if  necessaiy,  and  should  not  be  moved  as  soon  as  the 
coal  has  been  stored,  as  is  sometimes  done.  Two  tracks  between  piles 
give  greater  flexibility  in  switching  cars  than  one,  though,  if  necessary, 
one  track  will  suffice  as  the  locomotive  crane  can  be  used  for  switching 
the  cars.  When  two  tracks  are  used  the  crane  runs  on  the  track  next 
the  pile  and  unloads  from  cars  on  the  parallel  track.  The  height  of 
such  piles  should  preferably  be  limited  to  16  to  20  feet  and,  to  prevent 
pyramiding  and  breakage,  the  coal  should  be  laid  clown  in  layers  as 
thin  as  practicable,  usually  not  over  three  feet  thick  and  spread  over 
the  full  width  and  length  of  the  pile.  It  should  not  be  piled  up  to  the 
full  height  at  one  spot  in  the  pile.  The  clam-shell  bucket  should  also 
preferably  be  lowered  to  a  point  just  above  the  surface  of  the  pile  be- 
fore being  dumped  so  as  to  minimize  breakage. 

Fig.  37  shows  the  standard  system  of  the  Missouri  Pacific  Kail- 
road.  For  coals  that  are  liable  to  spontaneous  combustion,  the  alley- 
ways across  the  piles  are  used ;  otherwise  the  piles  are  continuous. 

Locomotive  cranes  or  ditcher  appliances  (see  Figs.  38  and  39) 
afford  great  flexibility  in  placing  coal  in  storage  and  in  reclaiming  it; 
they  utilize  equipment  with  which  railroads  and  many  industrial 
plants  are  usually  already  supplied.  Piles  can  be  made  of  any  length 
that  the  available  space  permits  and  the  width  is  limited  only  by  the 
reach  of  the  crane.  They  are  also  particularly  well  adapted  for  stor- 
ing coal  in  circular  piles. 

With  respect  to  usefulness  for  reclaiming,  there  is  probably  little 
difference  between  a  revolving  shovel  and  a  locomotive  crane  or  ditcher, 
but  a  shovel  cannot  be  used  for  unloading  from  the  cars.  Any  equip- 
ment of  this  kind  requires  a  permanent  investment  in  track  for  which, 
however,  a  rental  may  be  charged  to  the  storage  account. 

30.  Trestle  Storage. — Trestle  storage  requires  an  initial  per- 
manent investment  in  a  structure  which  is  used  for  only  a  short  time. 
The  legs  of  a  trestle  embedded  in  a  coal  pile  are  apt  to  be  starting 
points  for  fires.  In  dumping  from  a  trestle  it  is  impossible  to  avoid 
pyramiding  and  the  breakage  is  often  excessive.  The  bents  of  a  trestle 
interfere  with  the  loading  out  of  the  coal  and  cleaning  out  of  the  bin. 
The  combination  of  a  trestle  for  unloading  and  a  crane  for  reloading  is 
satisfactorily  used. 
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Fig.  37.      Plan  and  Section  Illustrating  Standard  Coal  Storage  System  of 
Missouri  Pacific  Railroad 


An  innovation  in  storage  trestles  is  claimed  by  the  Seaboard  Air 
Line  Railroad  in  connection  with  its  trestle  storage  at  Jackson  and 
Savannah,  Georgia.  Trestles  are  constructed  as  shown  in  Fig.  40  and 
the  ground  is  covered  with  plank.  The  A  section  extends  the  entire 
length  of  the  pile  and  is  made  air-tight,  except  at  the  ends.    The  pur- 
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Fjg.  40.     Cooling  Duct  under  Pile 

pose  of  this  fine  is  two-fold:  to  help  in  shifting  the  coal  from  under 
the  trestle  and  thus  facilitate  loading  by  crane,  and  also  to  act  as  a 
cooling  agent  by  conveying  cool  air  the  entire  length  of  the  trestle  with- 
out having  it  come  in  direct  contact  with  the  coal.  Run-of-minc  coal 
containing  a  large  amount  of  slack  was  stored.  An  effort  was  made  to 
store  low  sulphur  coals,  because  the  action  of  water  on  sulphur  in  coal 
forms  sulphuric  acid,  which  breaks  up  the  lumps  into  slack.  At  no 
time  was  a  temperature  above  70  degrees  noted  in  pipes  placed  in  the 
piles. 

Fig.  41  shows  the  Standard  Storage  System  adopted  by  the  New 
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Fig.  41.     Plan  and  Section  Illustrating  Standard  Coal  Storage  System 

of  the  New  York,  New  Haven,  and  Hartford  Railroad 

(Tonnage  Given  per  Linear  Foot) 
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Fig.  36.     Eailroad  Coal  Storage  Pile  at  Enid,  Oklahoma 


Fig.  38.     Ditcher  Reclaiming  Coal 
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Fig.  39.     Ditcher  Reclaiming  Coal 


Fig.  42.     Drag-Line  Coal  Storage  and  Coal  Handling  Plant  of  Southern 
Railway  at  Air  Line  Junction,  Virginia 
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York,  New  Haven,  and  Hartford  Railroad  at  three  coal  storage  yards 
recently  installed.  A  trestle  1600  to  1700  feet  long  and  16  to  17  feet 
high  runs  through  the  center  of  each  yard  and  on  either  side  is  a  pair 
of  parallel  tracks.  The  trestle  supports  are  wooden  piling  and  the 
tracks  on  top  of  the  trestle  rest  on  steel  girders.  The  two  pairs  of 
parallel  tracks  approach  at  the  yard  entrance.  On  one  of  the  parallel 
tracks  on  either  side  of  the  center  trestle  a  locomotive  crane  operates 
with  a  swinging  boom  which  transfers  the  coal  dumped  from  hopper 
bottom  cars  running  on  top  of  the  trestle  to  piles  built  up  about  the 
trestle  and  also  outside  of  the  parallel  tracks.  The  average  height  of 
the  coal  pile  is  20  feet.  The  coal  is  trenched  to  a  depth  of  8  to  10  feet 
regularly  throughout  the  pile  and  in  addition  ventilation  pipes  are  put 
down  to  the  bottom  of  the  pile  40  to  50  feet  apart.  Temperature  tubes 
are  inserted  in  these  pipes  and  readings  are  taken  regularly  for  indica- 
tions of  heating. 

Side  hill  storage  is  applicable  only  in  certain  districts  and  with  it 
the  pyramiding  effect  is  exaggerated. 
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Pig.  43.     Plan  and  Section  of  Coal  Storage  and  Coal  Handling  I'lant  of 
sotithekn  batlway  at  alr  llne  junction,  vtkgtnra 


31.  Drag-Line  Backet  Storage. — Figs.  42  and  43  show  in  per- 
spective, in  plan,  and  in  section  the  drag-line  type  of  storage  used  by 
the  Southern  Railway.  The  storage  piles  contain  from  3000  to  10  000 
tons  each,  with  a  depth  of  not  more  than  10  feet.     The  railway  cars 
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dump  the  coal  into  a  track  hopper,  from  which  it  is  fed  by  a  loading 
device  to  a  bucket  elevator.  This  delivers  it  either  to  the  storage  bin 
of  the  coaling  station  or  to  a  gravity  chute  which  discharges  at  about 
the  center  of  the  storage  pile  and  from  this  point  it  is  distributed  over 
the  area  of  the  pile  by  the  drag  scraper. 

This  scraper  also  returns  coal  from  the  storage  pile  to  the  track 
hopper  and  elevator  for  the  supply  of  the  locomotive  coaling  bin.  The 
storage  pile  is  of  irregular  form  and  is  surrounded  by  poles,  placed 
about  20  feet  apart,  to  which  is  attached  the  cable  line  for  operating 
the  bucket.  It  has  been  found  that  the  best  height  for  these  piles  is 
about  12  feet.  They  are  made  of  steel  H-beams,  each  set  in  a  concrete 
base  and  are  connected  at  the  top  by  a  row  of  %"hicn  rods. 

Tbe  scraper  bucket  is  operated  by  means  of  a  double  drum  friction 
hoist  driven  by  a  25  lip.  motor  geared  directly  to  a  countershaft.  With 
this  equipment  the  operator  can  take  the  coal  delivered  from  the  chute 
and  distribute  it  between  this  point  and  the  post  to  which  the  snatch- 
block  is  attached.  To  reach  the  space  between  two  posts,  lines  may  be 
fastened  to  them  and  the  snatch-block  attached  to  the  lines.  By  shift- 
ing the  block  from  pole  to  pole  any  point  within  the  coal  storage  area 
can  be  reached.  When  it  is  necessary  to  supply  the  bin  of  the  coaling 
station,  the  position  of  the  bucket  or  scoop  is  reversed,  its  open  end 
being  turned  toward  the  coaling  station,  the  backhaul  cable  then  be- 
coming the  hauling  line. 

Drag-line  storage  systems  are  somewhat  less  flexible  than  the 
locomotive  crane  type  but  they  require  less  initial  investment,  for  the 
motor,  ropes,  bucket,  and  posts  are  probably  less  costly  than  a  crane, 
and  no  track  investment  is  required. 

32.  Silo  Type  of  Storage  Pockets. — The  silo  type  of  coal  storage 
pocket  has  been  used  by  a  number  of  industrial  plants  for  strictly 
storage  purposes  and  by  retail  dealers  and  railroads  for  temporary 
storage  and  current  supply.  The  silos  are  constructed  of  reinforced 
concrete,  of  steel  plates,  or  of  wooden  staves  and  are  often  built  in 
batteries  of  two  or  more  with  a  capacity  of  100  to  1000  tons.  They 
vary  in  diameter  from  14  to  30  feet  and  in  height  from  24  to  75  feet. 
Old  steel  tanks  have  been  remodeled  in  some  cases  to  serve  as  coal 
pockets.     The  silos  are  rilled  from  hopper  bottom  cars  which  are  un- 
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loaded  through  a  track  grating  into  the  boot  of  an  elevator  which  de- 
livers the  coal  at  the  top  into  a  conveyor  line  running  over  the  top  of 
the  silos  and  arranged  for  automatic  dumping  into  any  desired  silo. 
Silos  are  usually  set  high  enough  above  the  ground  so  that  the  coal 
can  be  loaded  out  by  gravity  through  chutes  either  into  a  conveyor 
for  transferring  the  coal  to  a  power  plant,  or  into  wagons;  a  screen- 
ing arrangement  may  be  located  at  the  discharge  point.  At  the 
top  of  the  silo,  in  order  to  prevent  breakage,  the  coal  may  be  dumped 
upon  a  zig-zag  coal  ladder  consisting  of  a  series  of  projections  from 
the  walls  of  the  silo,  the  coal  falling  from  one  to  the  other  so  as  to  de- 
crease the  height  of  drop. 

The  advantages  of  the  silo  are :  small  ground  space  required,  less 
labor  required  for  loading  and  unloading,  and  the  ease  with  which  the 
coal  can  be  transferred  by  means  of  elevators  and  conveyors  from  one 
silo  to  another  in  case  of  a  rise  in  temperature. 

The  disadvantages  are :  high  initial  cost  of  installation  and  exces- 
sive breakage  when  the  coal  is  dropped  through  any  great  height,  and 
the  necessity  of  moving  the  entire  contents  of  the  silo  below  the  heat- 
ing spot  if  heating  occurs. 

It  is  believed  by  some  that  the  danger  of  the  coal  heating  is 
reduced  to  a  certain  extent  because  every  load  that  is  taken  out  of  the 
silo  shifts  the  position  of  the  remaining  coal.  Such  movement  of  the 
coal  may  also  act  injuriously  by  causing  the  circulation  of  air  in  an 
insufficient  quantity.  If  heating  occurs,  the  bin  may  be  flooded  with 
water,  provided  it  has  been  constructed  to  withstand  the  pressure  of 
the  coal  with  the  interstices  filled  with  water. 

Fig.  44  illustrates  a  coal  pocket  of  wooden  stave  construction, 
which  consists  of  a  battery  of  four  silos  34  feet  high,  three  of  them 
being  20  feet  in  diameter  and  the  fourth  one  only  16  feet  in  diameter. 
The  storage  capacity  of  the  plant  is  about  1500  tons  of  anthracite. 

The  coal  is  dumped  from  the  car  into  a  steel-lined  concrete  hopper 
from  which  it  slides  into  a  steel  boot.  It  is  then  elevated  by  continuous 
buckets  to  a  point  over  the  bins,  from  which  it  is  distributed  as  desired 
through  several  chutes  and  valves.  To  avoid  excessive  breakage  it  is 
lowered  to  the  level  of  the  coal  in  the  different  bins  by  a  zig-zag  coal 
ladder.    The  power  is  furnished  by  a  10  hp.  electric  motor. 

The  cost  of  operating  this  plant  is  given  by  the  H.  M.  Tuttle  Com- 
pany of  Bennington,  Vermont,  as  follows : 
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Plant  Expenses  for  One  Month 

1.  Depreciation $31.59 

2.  Real  Estate  Expense 

Tax    apportionment 14.08 

Insurance 10.33 

Land  and  track  rental 22.01 

3.  Light  and  Power 8.70 

4.  Degradation 

Shortage  in  weight  of  cars  and  loss 
from  screenings  for  12.r)9.04 
net  tons  at  $.39  per  ton 491.09 

5.  Wages 

Unloading  and  yard  employees 202.46 


Total     $780.26 

Thus,  since  1259.04  tons  were  handled  during  the  month,  the  cost 
per  net  ton  would  be  $0.62.  The  average  cost  per  net  ton  for  nine 
months  was  $0,554. 

The  cost  of  silos  similar  to  those  shown  in  Fig.  44  was  given  in 
February,  1919,  as  $2.20  for  a  400-ton  bin  to  $2.60  for  a  200-ton  bin 
per  ton  of  coal  capacity  for  the  materials  on  board  cars  at  Rutland, 
Vermont,  at  the  plant  of  the  Creamery  Package  Manufacturing  Com- 
pany, builders  of  such  silos.  Erection  and  freight  are  said  to  add  not 
over  fifty  cents  per  ton. 

Fig.  45  shows  a  stave  silo  plant  elevated  for  bottom  discharge  to 
retail  trucks. 

Concrete  or  steel  construction  for  silos  has  an  advantage  over 
wood  construction  as  the  repair  bill  is  less,  and  the  fire  risk  is  greatly 
reduced.  With  reference  to  a  concrete  storage  pocket,  F.  W.  Stock  & 
Sons,*  Hillsdale,  Michigan,  under  date  of  January  30,  1919,  says: 

' '  The  coal  storage  tanks  erected  about  a  year  ago  have  proved  a  very  success- 
ful investment  for  us  as  a  manufacturing  concern.  To  prevent  spontaneous  com- 
bustion the  coal  should  be  drawn  in  rotation  from  all  the  tanks  and  not  from 
only  one;  otherwise,  there  is  considerable  chance  of  spontaneous  combustion, 
particularly  if  the  coal  happened  to  be  slightly  damp  when  put  into  the  tanks." 

The  Macdonald  Engineering  Company,  Chicago,  Illinois,  builders 
of  this  plant,  reports  upon  these  silos  after  they  have  been  operated 
two  years,  as  follows : 


'  Illustrated  and  described  in  Univ.  of  111.,  Eng.  Exp.  Sta.  Circular  No.  6,  p.  95. 


Fig.  44.     Wooden  Stave  Silo  Coal  Storage  Plant 


Fig.  45.    Wooden  Stave  Silo  Coal  Storage  Plant,  Arranged  for  Bottom 

Discharge 
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"One  cit'  the  bins  in  this  plant  which  is  28  feet  in  diameter  and  70  feet  deep 
was  kept  continuously  filled  with  coal  from  sometime  in  October^  1917,  to  August, 
1918.  The  contents  in  this  time  had  not  been  disturbed  to  amount  to  anything. 
No  perceptible  rise  of  temperature  was  observed  until  sometime  in  August,  1918, 
when  the  moisture  originally  in  the  coal  seemed  to  be  pretty  well  evaporated  and 
the  temperature  began  to  rise.  We  had  equipped  these  bins  with  a  means  for 
Hooding  them  with  water.  About  the  first  of  September  when  the  temperature 
was  at  the  ignition  point  we  tried  an  experiment  and  turned  on  the  water.  This 
resulted  in  so  much  steam  and  gas  that  it  was  discontinued,  as  our  man  feared  it 
might  produce  an  explosion.  Immediately  after  shutting  off  the  water  we  drew 
out  10  tons  of  the  hot  coal  through  the  bottom  discharge  spouts  of  the  bin.  This 
coal  was  smouldering  and  the  amount  drawn  seemed  to  include  all  that  was  on 
fire.  We  then  closed  the  valves  and  sealed  them  air-tight  with  a  putty  of  clay. 
Two  or  three  days  later  an  inspection  showed  that  the  trouble  was  over  and  the 
temperature  nearly  normal,  since  which  time  there  has  been  no  further  increase  in 
temperature.  At  the  date  of  the  heating  we  had  65  feet  of  coal  in  the  bin  and 
we  found  that  the  fire  was  located  on  the  hopper  bottom  of  the  bin  and  occupied 
the  space  between  the  outlet  openings  and  the  manhole  which  was  built  in  the 
vertical  outside  wall  of  the  bin.  The  indications  were  that  there  had  been  just 
enough  air  ventilation  between  the  outlets  and  this  valve  to  furnish  the  required 
amount  of  oxygen  for  combustion.  From  this  experiment  it  would  seem  that  if 
the  opening  were  sealed  perfectly  air-tight  there  would  be  no  rise  in  temperature. 
After  using  this  plan  for  two  years  the  only  suggestion  that  the  owners  had  to 
make  is  that  they  would  use  smaller  bins  for  any  future  storage,  so  that  if  they 
had  to  change  the  coal  from  one  to  another  there  would  not  be  so  much  to  handle. ' ' 

W.  A.  Joshel,  wholesale  and  retail  coal  dealer  of  Geneva,  Illinois, 
has  two  silos  60  feet  in  height  and  18  feet  in  diameter.  One  of  these 
is  partitioned  into  four  bins  and  the  other  into  two  bins  by  means  of 
2x4 's  laid  flat.  The  silo  walls  are  6-inch  reinforced  concrete.  There 
has  been  no  trouble  from  heating;  the  coal  is  kept  in  motion  by  being 
constantly  drawn  out  at  the  bottom.  The  breakage  has  been  heavy 
and  Mr.  Joshel  advises  building  silos  much  lower  and  either  building 
more  of  them  or  increasing  the  diameter.  He  is  able  to  unload  a  42- 
ton  car  of  anthracite,  range  size,  from  a  hopper-bottom  car  in  one  and 
one-fourth  hours  with  only  one  attendant,  while  a  box  car  takes  three 
times  as  long.  Power  is  furnished  by  a  7^2  hp.  motor.  The  silos 
hold  about  600  tons  and  the  cost  on  the  1916  price  basis  was  $7000, 
which  is  considered  to  be  $700  too  high,  due  to  unusual  foundation 
blasting  and  other  difficulties. 

Fig.  46  shows  a  storage  plant  of  the  American  Hominy  Company 
of  Indianapolis,  Indiana.  It  is  built  of  concrete  in  silo  type  and  has 
a  basement  conveyor  tunnel  running  the  full  length  of  the  building. 
Each  of  the  five  concrete  bins  is  28  feet  in  diameter  and  75  feet  in 
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height.  The  coal  is  received  through  a  deep  track  hopper  which  will 
take  the  discharge  from  the  longest  coal  car  made  and  deliver  it 
through  a  crusher  to  a  vertical  elevator  which  raises  it  to  the  top  of  the 
storage  plant.  The  distributing  arrangement  is  such  that  the  coal  may 
be  delivered  directly  to  the  bunkers  in  the  boiler-house  or  sent  into 
the  bins  for  storage.  After  being  delivered  into  the  bins  it  is  trans- 
ferred from  these  bins  by  means  of  a  belt-conveyor  located  in  the  base- 
ment of  the  building,  elevated  by  a  vertical  conveyor  at  the  end,  and 
discharged  through  an  automatic  scale  to  a  conveyor  which  delivers  the 
coal  to  the  boiler  room  bunkers.  The  advantages  claimed  for  this  form 
of  storage  are  reduction  in  ground  space ,  as  well  as  the  reduction  of 
labor  cost  due  to  automatic  handling  of  material. 

At  this  plant,  during  the  summer  of  1919,  an  explosion  occurred 
in  one  of  the  silos  while  a  small  amount  of  coal  that  had  heated  badly 
was  being  drawn  off  at  the  bottom.  The  explosion  had  sufficient  force 
to  lift  the  roof  slab  a  few  inches  and  to  carry  away  a  small  section  of 
the  side  wall.  The  heating  seems  plainly  traceable  to  an  air  leak 
around  the  outlet  valves  at  the  bottom  which  at  first  were  not  made  air- 
tight.   After  the  supply  of  air  was  shut  off  the  heating  ceased." 

33.  Portable  and  Semi-Portable  Conveyors. — The  portable  or 
semi-portable  type  of  elevator  or  conveyor  has  been  developed  by  a 
number  of  firms  to  supply  means  for  storing  and  handling  coal  in 
smaller  quantities  and  with  less  expensive  machinery  than  by  the  use 
of  cranes  of  either  the  locomotive  or  gantry  type. 

These  appliances  consist  essentially  of  a  belt  or  bucket  conveyor 
suitably  supported  and  encased  and  moved  about  by  means  of  wheels 
underneath  or  supported  by  a  form  of  trolley  overhead.  Semi-port- 
able conveyors  have  one  end  fixed  or  pivoted,  while  the  discharge  end 
can  be  rotated.  These  conveyors  vary  in  size  from  the  small  wagon 
loader  type  to  the  long  portable  type  intended  distinctly  for  storage 
purposes,  the  conveyor  arm  varying  in  length  from  6  feet  to  60  feet 
and  in  width  from  12  inches  to  24  inches.  According  to  the  catalog 
of  the  Barber-Greene  Company  of  Aurora,  Illinois,  the  capacity  of 
belt  convej'ors  and  power  required  for  different  materials  is  given  in 
the  following  table : 
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It  is  claimed  that,  where  material  is  delivered  by  gravity  from 
the  ear  directly  to  the  conveyor,  there  is  a  saving  of  from  75  to  90  per 
eent  in  the  handling  cost  and  even  where  the  material  is  shoveled  to 
the  conveyor  half  of  the  labor  cost  is  saved.  The  power  requirements 
are  said  to  be  from  one  to  two  kilowatts  per  hour  for  the  short  con- 
veyors and  from  three  to  five  kilowatts  for  the  long  conveyors.  Several 
types  of  conveyors  used  in  coal  storage  are  shown  in  Figs.  47  to  61. 

A  typical  method  of  using  a  combined  fixed  and  portable  system 
is  shown  in  Figs.  47  and  48.  The  coal  is  delivered  from  the  car  into 
the  boot  of  the  fixed  conveyor  and  at  the  delivery  end  builds  up  a 
conical  pile,  the  height  of  which  depends  upon  the  height  of  the  end 
of  the  conveyor  and  the  amount  of  drop  allowable.    After  the  central 


Fig.  48.     Circular  Method  of  Piling  Coal,  Using  Both  Portable  and 
Semi-Portable  Conveyors  —  Plan  and  Section 
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pile  lias  been  built  a  concentric  pile  is  built  up  by  delivering  the  coal 
into  a  chute  which  at  the  bottom  feeds  the  boot  of  a  portable  conveyor. 
This  convej^or  in  turn  builds  up  either  a  series  of  conical  piles  con- 
centric with  the  center  pile  as  shown  in  Fig.  47  or  a  continuous,  con- 
centric, conical  pile  as  shown  in  Fig.  48. 

An  application  of  this  system  built  by  the  Barber-Greene  Com- 
pany at  Mooseheart,  Illinois,  is  illustrated  in  Figs.  49  to  51.  In  this 
plant  the  coal  is  delivered  from  a  railroad  track  hopper  shown  at  the 
left  in  Fig.  49  into  the  boot  of  a  vertical  bucket  elevator  which  at  the 
top  delivers  the  coal  either  into  a  cross-conveyor  which  carries  it  into 
the  boiler  house  bunkers,  or  else  to  conveyors  which  carry  it  to  the  stor- 
age piles. 

In  the  original  installation  built  in  1918,  an  inclined  conveyor  sup- 
ported on  trestles  was  used.  This  conveyor  delivered  the  coal  either 
upon  a  single  conical  pile  or,  by  means  of  a  long  chute  and  a  semi-port- 
able conveyor,  upon  a  concentric  pile  or  several  concentric  piles  as 
shown  in  Figs.  49  and  50. 

To  reclaim  the  coal  the  process  was  reversed,  the  coal  being  taken 
from  the  storage  pile  by  a  portable  conveyor,  which  delivered  it  to  a 
semi-portable  conveyor  which,  in  turn,  delivered  it  to  the  elevator. 

Experience  showed  that  a  large  central  conical  pile  at  the  end  of 
the  inclined  conveyor  was  too  high  for  safe  storage;  consequently 
this  conveyor  has  been  lowered  so  that  it  now  runs  horizontally  and 
delivers  to  the  belt  of  the  portable  conveyor. 

Fig.  51  shows  the  new  plant  at  Mooseheart  with  four  conveyors  in 
operation.  On  account  of  the  railroad  cut,  through  which  incoming 
cars  run,  it  was  found  advisable  to  divide  the  storage  equipment  into 
two  units,  one  on  each  side  of  this  railroad.  The  conveyors  operate 
with  reversible  motors  and  the  receiving  hopper  can  be  changed  from 
end  to  end  according  to  whether  the  coal  is  being  stored  or  reclaimed. 
The  initial  cost  of  the  plant  was  $4600  and  the  cost  of  the  storing  and 
reclaiming  is  estimated  to  be  about  twenty  cents  per  ton. 

Fig.  52  shows  a  portable  conveyor  used  for  storing  directly  from 
a  railroad  car  and  also  for  reclaiming  directly  into  a  railroad  car. 
Fig.  53  shows  a  portable  conveyor  supported  by  cable,  and  if  the 
ground  permits,  this  system  may  be  extended  indefinitely. 

Fig.  54  shows  a  view  of  a  portable  conveyor  made  by  the  Automatic 
Coal  Conveyor  Company  of  Chicago  and  operated  by  means  of  an 
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Fig.  47.     Circular  Method  of  Piling  Coal,  Using  Both  Portable  and 
Semi-Portable  Conveyors 


Fig.  49.     Coal  Storage  Plant  Using  Fixed  and  Portable  Conveyors  at 
mooseheart,  illinois 


Fig.  50.     Coal  Storage  Plant  Using  Fixed  and  Portable  Conveyors  at 
Mooseheart,  Illinois 


Fig.  51.     View  of  Eecent  Addition  to  Mooseheart  Plant, 
Showing  Four  Conveyors  in  Operation 
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Fig.  52.    Plan  and  Sectional  Views  Illustrating  Methods  of  Storing  from 
and  eeclaiming  into  ka1lroad  cars  with  portable  conveyors 


Fig.  53.     Portable  Conveyor  Supported  by  Cable 
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overhead  trolley.  This  trolley  can  also  be  installed  inside  of  a  storage 
shed  and  used  for  placing  coal  under  cover  directly  from  the  railroad 
ear. 

District  of  Columbia  Storage  Yard 

The  establishment  of  a  Government  coal  storage  yard  in  the 
District  of  Columbia  marks  a  distinct  epoch  in  coal  storage.  The 
reasons  for  this  establishment  and  a  description  of  the  plant  are  as 
follows : 

The  Sundry  Civil  Act,  carrying  appropriations  for  the  fiscal  year 
from  July  1,  1918,  to  June  30,  1919,  inclusive,  which  was  approved 
by  the  President  on  July  2,  1918,  directed  the  Secretary  of  the  Interior 
to  establish  under  the  Bureau  of  Mines  a  storage  and  distributing  yard 
for  the  handling  of  fuel  for  the  use  of  and  delivery  to  all  branches  of 
the  Federal  service  and  the  municipal  government  in  the  District  of 
Columbia  and  immediately  adjacent  thereto,  and  authorized  him  to 
select,  purchase,  contract  for,  and  distribute  all  fuel  required  by  the 
said  services. 

This  establishment  was  brought  about  as  a  result  of  the  lack  of 
adequate  means  for  receiving  and  distributing  coal  for  the  use  of  the 
Government  in  Washington.  On  account  of  this  lack  of  equipment, 
the  Government  was  greatly  handicapped  in  obtaining  an  adequate 
fuel  supply  for  its  buildings  during  the  previous  winter  when  coal 
production  was  at  a  low  ebb  and  when  transportation  conditions,  ad- 
versely affected  by  unprecedented  weather  conditions,  made  it  im- 
possible to  get  a  daily  supply  into  the  city. 

The  annual  requirements  of  the  Departments  supplied  with  fuel 
under  the  above  legislation  are  approximately  400  000  tons  of  anthra- 
cite and  bituminous  coal  per  year.  Most  of  the  power  and  heating 
plants  in  which  this  coal  is  consumed  do  not  have  bunker  capacity  for 
more  than  a  week  or  ten  days'  supply.  Therefore  the  provision  of 
sufficient  storage  space  for  coal  to  take  care  of  all  of  the  requirements 
of  the  Department  for  a  period  of  a  month  seemed  essential  to  the 
securing  of  a  regular  daily  supply  of  fuel  to  the  points  of  consumption. 

There  are  periods  in  the  middle  of  winter  when  the  daily  require- 
ments for  delivery  of  coal  by  trucks  amount  to  from  2000  to  2500 
tons.  It  seemed  necessaiy,  therefore,  to  provide  some  means  of  han- 
dling this  large  daily  consumption  in  the  middle  of  winter,  with  a  min- 
imum increase  in  the  regular  working  force  of  the  yard.     The  Stuart 
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System  of  storage  and  distribution,  with  certain  modifications  to  suit 
the  conditions  peculiar  to  the  job,  was  selected. 

Coal  storage  in  this  yard  began  about  June  1,  1919.  The  storage 
capacity  is  about  30  000  tons  with  a  capacity  in  the  distributing  bins 
of  about  1200  tons;  the  plant  is  so  arranged  that  the  distributing 
equipment  is  not  dependent  for  its  continuous  activity  upon  the 
amount  of  coal  coming  into  the  yard,  and,  on  the  other  hand,  the  labor 
force  in  unloading  incoming  coal  is  not  dependent  upon  the  immediate 
ability  of  the  distributing  equipment  to  handle  it. 

The  general  arrangement  and  operation  of  the  plant  is  shown  in 
Fig.  55.  The  coal  is  received  in  self-clearing  hopper-bottom  cars  which 
are  dumped  into  a  track  hopper  from  which  the  coal  is  fed  to  conveyor 
No.  1,  running  in  an  underground  tunnel,  which  has  a  capacity  of  350 
tons  of  coal  per  hour.  The  coal  is  weighed  while  in  motion  on  the  con- 
veyor by  means  of  a  Messiter  Conveyor  Scale  with  a  guaranteed 
accuracy  of  one-half  of  one  per  cent,  so  that  the  carloads  of  coal  can 
be  weighed  separately.  This  conveyor  delivers  the  coal  to  an  inclined 
Conveyor  No  2,  shown  at  the  left,  which  in  turn  delivers  it  to  conveyor 
No.  3  (see  also  Fig.  56),  running  on  the  surface  lengthwise  of  the  yard. 
A  stacker  (see  also  Fig.  57)  runs  on  the  track  and  spans  conveyor  No. 
3.  It  is  of  the  portable  conveyor  type  receiving  the  coal  from  con- 
veyor No.  3  at  any  point  and  delivering  it  either  to  the  coal  bins  for 
truck  loading  (See  also  Fig.  58)  or  to  any  storage  pile  alongside  the 
conveyor.  When  the  amount  of  coal  received  just  equals  the  amount 
needed  for  distribution,  the  coal  is  conveyed  directly  to  the  distributing 
bins  which  are  self-clearing  and  from  which  the  coal  flows  without  re- 
quiring any  labor  other  than  that  of  opening  the  valves  directly  into 
the  trucks  for  distribution.  If  the  amount  of  coal  received  in  any  one 
day  is  greater  than  can  be  placed  in  the  distributing  bins,  the  stack- 
ing machine  which  normally  delivers  to  the  bins  can  be  withdrawn 
under  its  own  power  to  any  point  in  the  storage  yard  where  the  surplus 
amount  of  coal  received  during  the  day  can  be  put  into  storage.  If,  on 
the  other  hand,  more  fuel  is  required  for  distribution  on  any  given 
day  than  is  received  in  cars,  the  necessary  amount  of  coal  can  be  re- 
claimed from  the  storage  space  by  means  of  a  locomotive  crane,  which 
lifts  the  coal  into  a  traveling  hopper,  whence  it  is  fed  to  conveyor  No. 
3,  and  thence  to  the  stacker  and  distributing  bins  as  in  normal  opera- 
tion. 

Fig.  58  shows  a  general  view  of  the  office  and  bins  from  which  the 
trucks  used  for  distributing  the  coal  are  loaded.    Mr.  George  S.  Pope 
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Fig.  54.  Portable  Conveyor  Supported  by  Overhead  Trolley 


Fig.  56.     Surface  Conveyor,   Government  Coal   Storage  Plant, 
Washington,  D.  C. 


Fig.  57.     Stacker,  Government  Coal  Storage  Plant,  Washington,  D.  C. 


Fig.  58.     Distributing  Bins   and   Office,   Government   Coal   Storage  Plant, 

Washington,  D.  C. 
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of  the  United  States  Bureau  of  Mines,  who  has  charge  of  this  storage 
plant,  reports  as  follows  in  regard  to  the  experiences  at  this  plant. 

Four  kinds  of  coal  were  placed  in  storage  as  follows  : 

New  River  coal  from  various  mines;  coal  from  a  mine  operating 
the  Upper  Kittaning  or  C  Prime  bed,  Somerset  County,  Pennsylvania ; 
coal  from  a  mine  operating  the  B  or  Miller  bed,  Cambria  County, 
Pennsylvania ;  and  coal  from  several  mines  in  Tucker  County,  West 
Virginia.  The  New  River  and  Somerset  County,  Pennsylvania,  coals 
were  placed  in  storage  in  June  and  July,  and  the  Cambria  County, 
Pennsylvania,  and  Tucker  County,  West  Virginia,  coals  in  September 
and  October. 

With  the  New  River  coal  three  or  four  spots  indicated  heat  by 
vapors  being  given  off,  but  this  was  easily  overcome  by  shoveling  out 
the  coal  and  in  no  case  was  it  necessary  to  dig  down  more  than  five 
feet.  The  warm  coal  was  spread  over  the  outside  of  the  pile  and  the 
heat  subsided.  This  heating  took  place  within  a  month  or  six  weeks 
after  the  coal  was  put  in  storage  and  since  then  there  have  been  no 
further  indications  of  heating  in  the  New  River  coal.  There  have 
been  no  indications  of  heating  in  the  Somerset  County,  Pennsylvania, 
coal.  Within  two  or  three  weeks  after  it  was  put  in  storage  the  Cam- 
bria County,  Pennsylvania,  coal  showed  signs  of  heating  as  indicated 
by  vapors  rising  from  different  points.  Attempts  were  made  to  over- 
come this  heating  by  having  men  shovel  the  hot  spots  out  as  was  done 
with  the  New  River  coal,  but  as  this  superficial  treatment  was  not 
effective,  the  pile  was  dug  into  with  the  locomotive  crane  and  the  coal 
used  at  once.  In  a  pile  containing  about  one  thousand  tons  of  this 
coal  the  heating  became  so  serious  that  arrangements  were  made  to  put 
in  several  tractor  cranes  but  these  were  not  necessary.  The  heating 
seemed  to  be  at  different  points  throughout  the  pile  and  some  coal 
on  the  verge  of  flaming  was  found  within  two  or  three  feet  of  the  sur- 
face at  the  top  and  sides  as  well  as  throughout  the  interior.  One  spot 
where  the  coal  had  actually  burned  and  where  ashes  were  found  was 
next  to  the  concrete  floor. 

The  Tucker  County,  West  Virginia,  coals  showed  some  indications 
of  heating  and  were  given  the  same  superficial  treatment  as  the  New 
River  coal,  but  this  coal  as  well  as  all  of  the  Cambria  Comity,  Penn- 
sylvania, coal  was  moved  out  of  storage  during  the  coal  strike.  The 
Somerset  County,  Pennsylvania,  coal  pile  was  practically  untouched 
and  about  one-half  of  the  New  River  coal  was  removed. 
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Mr.  Pope  describes  the  several  coals  as  follows: 

' '  The  Somerset  County,  Pennsylvania,  coal  is  about  the  lumpiest  we  have, 
the  New  River  being  second,  the  Cambria  County,  Pennsylvania,  third,  and  the 
Tucker  County,  West  Virginia,  fourth.  The  Cambria  County,  Pennsylvania,  coal 
has  a  slightly  higher  sulphur  content  than  the  others,  its  content  averaging  about 
two  per  cent. ' ' 

The  following  analyses  of  these  coals  are  taken  from  Bulletin  11!), 
United  States  Bureau  of  Mines. 


New  River, 

Somerset  County, 

Tucker  County, 

Cambria  Count  v. 

Shipments  on 

Pa.,  Shipments 

W.  Va.,  Shipments 

Pa.,  Shipments 

28  Contracts 

on  1  Contract 

on  5  Contracts 

on  16  Contracts 

Moisture 

1.21-  3.49 

3.52 

2.77-  4.09 

1.82-  2.89 

Volatile 

16.61-23.56 

1,5.43 

17.39-24.29 

19.56-22.71 

Fixed  Carbon 

70.03-78.82 

75.89 

66.52-72.47 

69.81-73.75 

Ash 

4.55-  6.57 

8.68 

7.87-10.14 

6.30-  9.11 

Sulphur 

0.65-  1.00 

0.92 

1.02-  1.18 

1.77-  2.13 

The  New  River  and  Somerset  County,  Pennsylvania,  coals  were 
piled  to  a  height  of  sixteen  to  eighteen  feet  but,  by  moving  the  stacker, 
Ihc  coal  was  piled  in  layers  in  a  number  of  small  cones  so  as  to  avoid 
the  segregation  that  would  result  if  the  coal  was  dumped  at  one  point 
and  a  large  cone  thus  allowed  to  build.  The  Cambria  County,  Penn- 
sylvania, and  the  Tucker  County,  West  Virginia,  coals  were  similarly 
piled  twenty-five  feet  high  in  places. 


Erie  Railroad  Storage  Plant 

Fig.  59  shows  a  plan  of  an  extensive  storage  plant  of  the  Erie  Rail- 
road located  at  Buffalo,  New  York.  It  comprises  a  typical  installa- 
tion of  the  Stuart  System  of  belt  conveyors  built  by  the  International 
Conveyor  Corporation.*  The  storage  piles  are  at  some  distance  from 
1he  coal  pockets  and  across  the  railroad  yard.  Two  tracks  for  incoming 
coal  are  parallel  to  the  two  storage  piles,  each  of  which  is  to  hold  15  000 
tons,  the  total  of  30  000  tons  representing  a  month's  supply  for  the 
coal  pockets.  Of  these  two  tracks,  one  is  for  loaded  and  the  other  for 
empty  cars.  The  coal  is  dumped  through  a  track  hopper  into  the  boot 
of  conveyor  No.  1  which  delivers  it  to  a  hopper  at  the  top  of  the  con- 
veyor from  which  it  is  delivered,  in  turn,  to  belt  conveyor  No.  2,  whicii 
inns  lengthwise  of  the  storage  vard.     On  each  side  of  the  trough  in 


*  A  detailed  description  of  the  plant  will  be  found  in  the  Railway  Age,  Vol.  65,  No.  14, 
p.   615. 


BITUMINOUS  COAL  STORAGE  l'KACTICE 


117 


Fig.  59.     Plan  of  Coal  Storage  Plant  or  the  Erie  Railroad. 
Buffalo,  New  York 


which  conveyor  No.  2  runs  there  is  a  rail ;  upon  this  rail  runs  a  stacker 
which  thus  spans  conveyor  No.  2  (See  Figs.  60  and  61).  This  stacker 
is  essentially  a  movable  tripper  through  which  the  conveyor  licit  puns 
and  by  means  of  it  the  coal  can  be  delivered  at  any  point  along  the 
travel  of  the  conveyor  belt.  The  stacker  delivers  to  a  loader  running 
on  the  same  track  as  the  stacker  which  consists  of  a  conveyor  belt 
mounted  on  an  arm  that  is  pivoted  so  as  to  have  a  lateral  swing  of  180 
degrees  and  a  vertical  movement  so  that  the  coal  can  be  delivered  with 
;i  minimum  drop.  The  stacker  in  Figs.  59  and  60  is  shown  delivering 
to  conveyor  No.  3,  which  carries  the  coal  to  the  coal  pockets.  For  stor- 
ing coal  the  stacker  delivers  into  the  storage  piles. 

To  take  coal  from  storage  a  reclaimer  is  used.  This  works  on  the 
same  track  as  the  stacker  and  loader,  and  is  shown  in  Fig.  61.  Like  the 
loader,  it  is  a  belt  conveyor  operating  on  an  arm  that  is  pivoted  on  a 
platform  and  lias  a  wide  lateral  swing.  One  end  resls  on  the  ground 
and  a  plow  at  the  end  of  the  arm  is  forced  into  the  toe  of  the  coal  pile; 
the  coal  falling  on  the  belt  is  then  delivered  through  a  hopper  to  con- 
veyor No.  2  from  which  it  is  passed  on  to  the  coal  pockets  as  previouslj' 
described. 
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If  the  coal  arrives  at  the  yard  faster  than  it  is  used  for  current 
coaling,  it  is  placed  in  storage,  but  otherwise  it  goes  directly  from  the 
track  hopper  through  Conveyors  1,  2,  and  3  to  the  pockets. 

34.  Monorail  System.— -The  Godfrey  Conveyor  System  for  coal, 
ashes,  etc.,  illustrated  in  Fig.  62,  consists  of  a  one-ton  bucket  or  skip 


\i      ' 


Fig.  62.     Godfrey  Conveyor  System  for  Storing  and  Handling  Coal 


traveling  on  a  suspended  monorail  or  wire  rope.  The  bucket  is  loaded 
by  gravity  at  the  side  of  the  unloading  railroad  track.  The  full  bucket 
is  hoisted  by  means  of  a  small  electric  hoist  to  the  level  of  the  sus- 
pended monorail  or  wire  rope  along  which  it  is  pulled  by  means  of  an 
endless  rope  operated  by  the  electric  hoist.  When  the  dumping  point 
is  reached  the  bucket  may  be  lowered  to  such  a  point  that  the  break- 
age of  coal  in  dumping  will  be  small.  The  installation  is  designed  to 
meet  the  needs  of  plants  using  from  15  to  150  tons  per  day  and  the 
manufacturers  claim  that  one  man  can  deliver  about  30  tons  of  coal 
per  hour  either  to  storage  or  to  the  boiler  plant.  To  reclaim  the  coal 
from  storage,  it  may  be  shoveled  into  the  bucket  by  hand,  or  a  reclaim- 
ing bucket  may  be  used. 

A  monorail  system  of  storing  and  reclaiming  coal  as  used  by  the 
American  Spiral  Pipe  Works  of  Chicago  is  shown  in  Fig.  63.  A  steel 
structure  supports  a  single  rail  upon  which  operates  the  support  for 
a  movable  clam-shell  bucket,  The  coal  is  both  stored  and  reclaimed 
with  the  same  device,  but  the  capacity  is  limited  by  the  fixed  position 
of  the  monorail,  and  the  coal  piled  with  this  device  forms  a  conical  pile 
with  the  resultant  segregation  of  sizes  and  increased  liability  to  spon- 
taneous combustion.    ' 


Fig.  60.    View  of  Coal  Storage  Plant  of  the  Erie  Bailroad,  Buffalo,  New 
York,  Showing  Conveyor  No.  2  and  Stacker  Delivering  to  Conveyor  No.  3 


Fig.  61.     View  of  Coal  'Storage  Plant  of  the  Erie  Bailroad,  Buffalo,  New 
York,  Showing  Loader  at  End  of  Conveyor  No.  2 


Fig.  63.     Monorail  System  for  Storing  and  Eeclai.ming  Coal, 
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A  similar  bucket  storage  system  has  been  built  by  the  Lidgerwood 
Manufacturing  Company,  for  the  Galveston  Coal  Company,  for  un- 
loading coal  from  steamers  and  conveying  the  coal  to  a  storage  pile. 
From  the  storage  pile  the  coal  is  reclaimed  and  loaded  into  barges  and 
railroad  cars.  The  system  consists  of  a  self -filling  bucket  of  the  grab 
type  which  is  moved  along  a  fixed  overhead  track  by  means  of  rope 
haulage.  The  capacity  of  the  Galveston  installation  is  about  700  tons 
per  day. 


35.  Cableway  System. — The  cableway  system  for  storing  and 
reclaiming  coal  consists  of  a  hoisting  and  a  convejang  device,  the  latter 
operating  over  a  single  span  cable  supported  by  a  tower  at  each  end. 
The  load  may  be  taken  from  any  point,  conveyed  in  either  direction, 
and  deposited  wherever  desired  along  the  line  of  the  cableway. 

The  cableways'  are  built  in  various  types  to  meet  different  require- 
ments, (a)  with  both  towers  fixed,  as  is  Fig.  64;  (b)  with  both  towers 
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Fig.  64.     Cableway  System  for  Handling  Coal  —  Both  End   Towers   Fixed 


Fig.  65.     Cableway  System  for  Handling  Coal  —  Both  End  Towers  Movable 
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Pig.  66.     Cableway    System    for    Handling    Coal 

the  Other  Movable 


One    End    Tower    Fixed, 


traveling  on  parallel  tracks,  as  in  Fig.  65;   ({•)  with  one  tower  fixed 
the  other  traveling  on  a  circular  track  about  it  as  in  Fig.  66. 


.36.  Automatic  Dump  Car  Storage. — The  coal  storage  plant  of 
the  Kami  Terminal  Company  at  Bridgeport,  Connecticut,  installed  by 
the  Bergen  Point  Iron  Works  of  Bayonne,  New  Jersey,  is  shown  in 
Fig.  67.  The  coal  is  unloaded  from  barges  by  cranes  as  shown  and 
dumped  into  automatically  dumping  electric  cars  which  discharge 
either  into  a  storage  pile,  into  railroad  cars,  or  into  a  coal  pocket. 
Coal  is  reclaimed  from  the  storage  pile  by  another  set  of  electric  cars 
running  through  tunnels  underneath  the  pile.  These  cars  either  take 
the  coal  to  a  loading  pocket  for  loading  automobile  trucks  or  dump  the 
coal  into  railroad  cars,  about  twenty  of  which  can  stand  underneath 
railroad  viaducts.  These  railroad  cars  can  all  be  loaded  without  being 
moved,  as  the  small  car  can  be  made  to  dump  automatically  at  any 
point. 

37.  Cristobal  and  Balboa  Coaling  Stations. — The  coaling  stations 
located  at  Cristobal  and  Balboa  at  the  two  ends  of  the  Panama  Canal 
are  shown  in  Figs.  68  and  69.  These  were  built  by  the  Bergen  Point 
Iron  Works  of  Bayonne,  New  Jersey,  and  represent  advanced  practice 
for  the  handling  of  coal.  The  combined  storage  capacity  of  the  two 
is  700  000  tons.     At   Cristobal   Station   1200  tons  per  hour  can  be 
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unloaded  and  2400  tons  per  hour  reloaded.  The  storage  plan!  includes 
both  underwater  and  dry  storage.  The  general  layout  of  the  plant  is 
shown  in  the  photographs;  a  number  of  articles  descriptive  of  the  de- 
tailed construction  have  been  published.* 

For  the  unloading  and  stocking,  coal  is  taken  from  colliers  or 
barges  by  unloaders  equipped  with  21/4-ton  buckets  which  have  a  rated 
capacity  of  250  tons  per  hour.  The  coal  is  taken  from  the  un-loaders 
to  the  dumping  point  by  cars.  It  is  reclaimed  from  storage  by  re- 
claiming bridges,  each  of  which  is  equipped  with  a  5-ton  bucket,  having 
a  rated  capacity  of  500  tons  per  hour.  The  total  handling  capacity  at 
Balboa  is  only  half  that  at  Cristobal. 

38.  Suction  Conveyor. — An  application  to  coal  storage  purpc  -s 
of  the  suction  conveyor  for  handling  coal  and  ashes  at  a  power  plant 
as  used  by  the  Pierce-Arrow  Motor  Car  Company  at  Buffalo,  New 
York,  is  shown  in  Fig.  70.  Coal  is  taken  from  a  track  hopper  by  suc- 
tion to  a  100-ton  coal  tank  from  which  it  is  delivered  by  motor-driven 
cars  to  the  bunkers  above  the  boilers.  As  is  shown  in  Fig.  70  a  reserve 
storage  of  3000  tons  is  provided  at  one  end  of  the  plant  by  continuing 
the  track  and  delivering  coal  from  the  coal  tank  in  the  motor  driven 
cars  to  a  storage  pile  instead  of  to  the  bunkers.  Coal  from  the  storage 
pile  is  reclaimed  by  permitting  it  to  run  into  an  underground  reclaim- 
ing duct  from  which  it  is  sucked  into  the  100-ton  coal  tank.  At  this 
plant  bituminous  screenings  are  used. 

39.  Mine  Storage. — At  Aldrich,  Alabama,  the  Montevallo  Mining 
Company  operates  a  longwall  mine  with  convict  labor.  In  order  thai 
the  mine  might  be  operated  six  days  a  week  with  a  variable  supply  of 


*  "Coaling  and  Supply  Depots  at  Panama.'-  Black  Diamond,  Vol.  40.  No.  25,  |>.  -0, 
Dec.   21,   1912. 

''Coaling   Plants  at   Panama   Canal.''      Coal  Age,    Vol.    3,   p.    481,    1913. 

"Panama  Canal's  Big  Coaling  Station."  Coal  Trade  Bulletin,  Vol.  XXXV.  p,  31, 
Oct.  2,   1916. 

"Coaling  at  the  Panama  Canal — Cristobal,"  by  P.  J.  Warden  Stevens.  Colliery  Guardian, 
Vol.  CXII,  p.  745,  Oct.  20,   1916. 

"Coal  at  the  Panama  Canal — Balboa,"  by  F.  J.  Warden  Stevens.  Colliery  Guardian.  Vol. 
CXII,  p.   789,   Oct.   20,    1916. 

"Panama  Canal  Coaling  Plants."     Coal  Trade  Bulletin,  Vol.  XXXVI,  p.  4:1,  Apr.  2,   1017. 

"Uncle  Sam's  Great  Storage  Docks."  (Panama).  Coal  Trade  Bulletin,  Vol.  :!0,  pp.  37  :is. 
Oct.    15,    1918. 
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Fig.  70.     Suction  Conveyor  Coal  Storage  Plant  of  the  Pierce-Arrow 
Motor  Car  Company,  Buffalo,  New  York 


railroad  cars,  a  storage  method  was  introduced.  The  general  arrange- 
ment is  shown  in  Fig.  71.  Railroad  cars  loaded  at  the  tipple  are  run  by 
gravity  several  hundred  feet  to  a  suitable  storage  ground  where  the 
coal  is  shoveled  out  of  the  cars  by  hand  labor  or  drawn  from  the  bottom 
with  hopper-bottom  cars.  When  as  much  coal  as  possible  has  been 
stored  in  this  way  a  wall  is  built  of  the  larger  lumps  carefully  piled 
along  the  railroad  tracks.  Planks  placed  on  top  of  these  walls  and  on 
top  of  the  gondolas  furnish  a  runway  for  the  wheelbarrows  which  are 
loaded  from  the  cars  and  dumped  at  the  edge  of  the  pile.  The  total 
capacity  is  about  20  000  tons  and  the  cost  of  unloading  approximately 
'eleven  cents  per  ton.  The  coal  is  reclaimed  into  one-ton  mine  cars 
running  on  a  track  at  the  foot  of  the  storage  pile  as  shown.  These 
cars  are  pulled  by  a  gasoline  locomotive  and  hoisted  three  at  a  time  up 
an  incline  into  a  revolving  dump  where  the  trip  of  three  is  emptied 
without  uncoupling.    The  cost  of  reclaiming  is  ten  cents  per  ton. 

These  costs  will  probably  be  decreased  by  the  use  of  another  rotary 
dump  instead  of  so  much  hand-labor  and  if  side-hill  storage  were  used 
the  cost  of  loading  into  the  one-ton  cars  could  be  saved. 

A  belt  conveyor  has  been  built  at  Fairpoint,  Ohio,  by  the  Roberts 
and  Schaefer  Company  of  Chicago  for  the  Clarkson  Coal  Mining  Com- 
pany of  Cleveland,  Ohio.    This  belt  conveyor  is  supported  on  a  trestle 


<*? 


Fig.  71.     Storage  System  Used  by  the  Montevallo  Mining  Company, 
Aldrich,  Alabama 


'ig.  72.     Underwater  Coal  Storage  Plant  of  the  Standard  Oil  Company, 

Whiting,  Indiana  (100  000  Tons  Capacity) 


BITUMINOUS  COAL  STORAGE  PRACTICE  131 

for  storing  the  slack,  which  is  taken  from  beneath  the  screens,  and  by 
means  of  a  tripper  is  (lumped  on  the  ground  beneath  the  trestle..  The 
eoal  is  reclaimed  with  a  locomotive  crane.  Tlie  plant  lias  a  capacity 
of  40  000  tons  and  300  tons  per  hour  can  be  handled.  Lump,  three- 
cpiarter,  mine-run,  and  slack  can  be  stored.  The  plant  is  intended 
for  storage  purposes  when  the  ear  supply  is  low  so  that  a  full  day  can 
be  run  at  the  mine. 

40.     T'ndcrwater  Storage. — 

Duquesne  Light  Company  Storage  Plant 

The  Duquesne  Light  Company,  Pittsburgh,  Pennsylvania,  com- 
pleted during  the  fall  of  1917  a  large  reinforced  concrete  storage  basin 
at  the  Brunot  Island  power  plant.* 

The  storage  basin  which  is  adjacent  to  the  power  plant,  and  be- 
tween it  and  the  main  channel  of  the  Ohio  River,  is  791  feet  long,  153 
feet  wide,  and  25  feet,  6  inches  deep,  the  side  and  end  walls  sloping  at 
an  angle  of  45  degrees.  The  basin  has  a  capacity  of  100  000  tons  of 
submerged  coal  and  150  000  tons  with  the  coal  piled  above  the  water- 
line.  The  side  and  end  walls  of  the  basin  taper  from  18  inches  at  the 
bottom  to  8  inches  at  the  top. 

As  the  bottom  of  the  basin  is  below  the  normal  river  level,  special 
provision  had  to  be  made  for  the  lifting  pressure  that  would  be  exerted 
on  the  bottom  of  the  basin  at  high  water  stages,  the  soil  being  coarse 
gravel  and  very  porous.  The  bottom  which  is  18  inches  thick  is  made 
of  30  main  reinforced  concrete  slabs  each  51  feet  square.  These  slabs 
rest  on  reinforced  concrete  curbs  the  bases  of  which  are  4  feet  square 
and  12  inches  thick;  the  bridge  extending  up  from  the  base  is  15i4 
inches  high  and  6  inches  wide.  These  curbs,  besides  supporting  the 
bottom,  also  allow  for  expansion  and  contraction  of  the  concrete  slabs. 
All  joints  are  filled  with  pitch.  The  plant  condenser-water  discharge 
duct  which  is  constructed  of  concrete  divides  the  basin  into  two  sec- 
tions. The  fact  that  the  top  of  the  duct  is  7y2  feet  above  the  concrete 
bottom  permitted  one-half  of  the  basin  to  be  used  while  the  other  half 
was  being  constructed. 

Water  for  flooding  the  basin  is  admitted  through  12-inch  filling 
holes  and  is  supplied  by  one  of  the  plant  condenser  circulating  pumps. 
equipped    with    a    discharge    pipe    for   this    purpose.      Four    18-inch 


*  Power,    page   651.    Nov.    L3,    1917. 
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independent  drain  pipes  which  extend  to  the  river  are  each  equipped 
with  a  gate  and  a  check  valve,  and  with  a  by-pass  around  the  latter. 
The  basin  can  be  drained  by  opening  the  gate  valves.  This  arrange- 
ment permits  the  automatic  flooding  of  the  coal  basin  with  river  water 
to  relieve  the  upward  pressure  on  the  concrete  bottom.  Should  the 
river  rise  much  above  normal,  water  will  flow  into  the  basin  to  a  height 
corresponding  to  that  of  the  river.  When  the  river  subsides  the  water 
may  be  drained  from  the  basin  if  desired.  At  the  present  time  no 
figures  with  respect  to  the  operating  cost  of  the  storage  basin  are  avail- 
able. 

Underwater  Pit  of  the  Standard  Oil  Company, 
Whiting,  Indiana* 

Figs.  72.  and  73  show  an  underwater  storage  pit  built  by  the 
Great  Lakes  Dredge  and  Dock  Company  of  Chicago,  Illinois,  for  the 
Standard  Oil  Company  about  two  miles  south  of  the  shore  of  Lake 
Michigan  at  Whiting,  Indiana.  This  storage  pit  has  a  capacity  of 
100  000  tons. 

The  storage  basin  consists  of  a  pit  1000  feet  long,  202  feet  wide, 
and  28^2  feet  deep  below  yard  rail  level  and  2-iy2  feet  deep  below 
ground  water  level.  The  pit  is  enclosed  by  a  heavy  wooden  sheet-pile 
dock  construction  below  water  level,  capped  with  concrete  above  water 
level.  There  are  four  lines  of  standard  gauge  railroad  track  trestle 
running  longitudinally  through  the  pit  and  four  lines  on  each  side 
of  the  pit. 

The  pit  was  excavated  with  a  15-inch  hydraulic  suction  dredge, 
which  was  hauled  overland  a  mile  and  a  half  to  the  site;  advantage 
was  taken  of  the  marshy  conditions  to  excavate  a  sufficiently  large  area 
in  which  to  float  the  dredge.  The  excavated  material  was  discharged 
through  pipes  at  a  point  1000  feet  away  from  the  pit  and  the  run-off 
water  carried  back  to  the  pit  through  trenches ;  thus  a  sufficient  supply 
of  water  was  insured  to  keep  the  dredge  afloat.  Wakefield  sheet-piling 
and  dock-piling  were  then  driven  by  means  of  two  floating  pile  drivers, 
built  on  the  site,  and  the  concrete  mass  surrounding  the  pit  at  the 
water  line  was  placed,  special  concrete  mixers  being  mounted  on  rail- 
road flat  cars.  The  bottom  of  the  pit  was  leveled  off  with  the  hydraulic 
dredge  by  means  of  a  special  mouth-piece,  so  that  no  point  was  more 
than  six  inches  above  or  below  grade.    After  the  dredge  had  leveled  off 


*  See  also  Circular  No.   6,   p.   103. 
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the  bottom,  a  drag  was  used  consisting  of  a  heavy  horizontal  12  feet  by 
I  foot  timber  fastened  to  a  pile  driver. 

The  concrete  floor,  one  foot  in  thickness  was  placed  in  about  25 
feet  of  water  over  the  entire  floor  area  of  1000  feet  by  202  feet,  by 
means  of  a  special  tremie  device,  patented  by  the  Great  Lakes  Dredge 
and  Dock  Company.  By  using  this  device,  it  was  possible  to  place  the 
concrete  under  pressure  and  to  spread  it  uniformly  over  the  bottom,  so 
that  no  point  was  more  than  three  inches  off  grade. 

The  following  advantages  are  claimed  for  this  form  of  pit  con- 
strue! ion  : 

1.  Lower  cost  than  for  all  concrete  or  wood-and-conerete 
construction. 

2.  Lower  cost  of  unloading  coal  by  dumping  from 
trestles  and  from  tracks  along  the  sides  of  the  pit  than  by 
using  grab-buckets  operated  by  a  bridge  or  crane.  The  bulk 
of  the  unloading  cost  consists  in  dumping  the  cars  (either  bot- 
tom or  side  dump)  from  the  trestles  or  from  the  side  of  the 
pit,  leaving  a  very  small  portion  to  be  unloaded  with  yard 
cranes. 

This  method  permits  the  use  of  different  sizes  of  locomotive  cranes 
where  they  are  available  around  any  plant. 

By  means  of  the  four  tracks  running  through  the  pit  and  those 
on  each  side,  six  trains,  of  at  least  twenty  50-ton  coal  cars  can  be  un- 
loaded or  loaded  simultaneously. 

The  four  tracks  in  the  pit  and  those  along  each  side  give  a  track- 
age length  of  practically  two  miles  for  rail  storage  purposes ;  in  other 
words,  little  ground  space  is  lost  by  installing  one  of  these  pits  in  this 
manner.  In  fact,  any  switch  yard  can  have  an  underwater  coal  stor- 
age pit  without  the  acquisition  of  more  land. 
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APPENDIX     I. 

Questionnaire  A 

1.  What   kind  of  coal   was  stored  ?    

2.  What  size  of  coal  was  stored?    

3.  Was  all  of  the  coal  stored  of  same  size  and  kind  ?   

1.     What  amount   of  coal  was  stored  ?    

.3.  State  from  what  mining  district  and  if  possible  from 

what  mine  the  coal  came : 

6.  Size  of  pile :   Depth ;   Length ;   Breadth 

7.  Describe  the  method  of  unloading  and  storing: 


8.  Was  coal  unloaded,  by  crane,  drop  bottom  car,  hand.'. 

9.  What  trouble  have  you  had  from  fires 

in  your   coal   pile  f    

10.  How  much  of  the  coal  was  destroyed  by  fire?    

11.  What  in  your  opinion  was  the  cause 

of   the   fire?    


12.     What  evidence  have  you  upon  which 
to  base  this  opinion?    


13.  How  long  had  the  coal  been  in  storage  when 

the  fire  was  observed?   

14.  AVas  the  coal  actually  ablaze  or  only  smoking?    

15.  Was  the  temperature  taken  ? What  was  it  ? 

16.  Where  in  the  pile  did  the  fire  start?    

17.  How  was  the  fire  controlled  or  extinguished?    

18.  Was  any  attempt  made  to  ventilate  the  pile;  if  so,  how? 

19.  Was  there  any  damage  to  adjacent  structures?   

L'n.  Information  furnished  by : 


General  Remarks: 


(Official  till"  and  Company 
(Address) 


Please  use  reverse  side  of  this  sheet  for  any  general  remarks 
and  suggestions. 

Questionnaire  B 
Please  answer  the  following  questions  and  mail  your  answers  direct  and  as 
soon  as  possible  to  Professor  H.  H.   Stock,  Department   of   Mining  Engineering, 
University  of  Illinois,  Uibana,  Illinois. 
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1.  What  kind  of  coal  was  stored?   

2.  What  size  of  coal  was  stored?    

3.  What  amount  of  coal  was  stored ?   

4.  State  from  what  mining  district  and 

if  possible  from  what  mine  the  coal  came : 

5.  The  size  of  pile :   Depth ;   Length ;   Breadth . 

6.  Describe  the  method  of  storing : 


Have  you  had  any  difficulty 

from  fires  in  your  coal  pile  ?    

How  much,  if  any,  of  the  coal 

was  destroyed  by  this  fire?   

What  in  your  opinion  was  the  cause  of  the  fire? 


10.  What  evidence  have  you  upon 

which  to  base  this   opinion  ?    

11.  How  long  had  the  coal  been  in  storage 

when  the  fire  was  observed?    

12.  Was  the  coal  actually  ablaze  or  only  smoking?   

13.  Where  in  the  pile  did  the  fire  start?    

14.  How  was  the  fire  controlled  or  extinguished  ?   

15.  Was  any  attempt  made  to  ventilate  the  pile;  if  so,  how1! 

16.  Was  there  any  damage  to  adjacent  structures?   


Information  furnished  by: 

(Company) 
(Address) 

(City  and  State) 

For  general  remarks  use  back  of  this  sheet. 

Data  Sheet 

Date.. 

Name  and  address  : , 

Party    interviewed  : 

slzf  and  kind  of  coal : , 

Mine  or  district  : 

Name  op   shipper  : 

is  coal  correct  size?   

Amount  of   sulphur  : 

Method    of    piling  : 

Tonnage  and  dimensions  of  pile: 

How  long  in  storage?   
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Ventilated  : 

Where  did  fire  start?   .. 

Was   water  used?    

Picture : 

how  was  fire  handled? 
Probable  cause  of  fire:. 
REMARKS: 
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APPENDIX     II 

Railway  Administration  Storage  Circular 

The  following  circular  of  instructions  for  the  storage  of  coal  was 
sent  by  the  government  to  all  railroads  in  the  United  States.  It  is, 
undoubtedly,  the  most  comprehensive  effort  to  safeguard  and  stimu- 
late the  storage  of  coal  ever  made  in  an  industry. 

The  Storage  of  Coal 
To  Operating  Officers  in  Charge  of  Com.  Storage: 

The  standing  committee  on  the  storage  of  coal,  appointed  by  the  Interna- 
tional Railway  Fuel  Association,  has  made  a  number  of  recommendations  which 
are  contained  in  the  transactions  of  the  association  for  the  year  1909  to  1SU7, 
inclusive. 

An  exhaustive  study  of  the  storage  of  bituminous  coal  was  also  made  by 
H.  H.  Stoek,  professor  of  mining  engineering  of  the  University  of  Illinois,  Ur- 
bana,  111.,  and  published  March  4,  191S,  in  Circular  No.  6  of  the  Engineering  Ex- 
periment Station  of  that  university. 

A  further  circular  covering  additional  features  in  the  storage  of  bituminous 
coal  will  be  published  and  ready  for  general  distribution  within  a  few  months.  In 
the  meantime  Professor  Stoek  is  preparing  a  paper  on  the  storage  of  bituminous 
coal  to  be  read  at  the  eleventh  annual  meeting  of  the  International  Railway  Fuel 
Association  convening  in  Chicago  in   May  next. 

From  this  information,  and  that  which  lias  been  furnished  by  the  United 
States  Railroad  Administration,  certain  suggestions  have  been  gathered  covering 
the  proper  method  of  storing  railroad  coal  which,  if  applied,  will  assist  in  keep- 
ing the  cost  of  storage  to  the  minimum,  and  will  result  in  greatly  reducing  or 
entirely  eliminating  the  hazard  caused  by  spontaneous  combustion. 

From  necessity  no  general  rule  can  be  made  which  will  fit  the  various  coals 
stored  in  the  different  sections  of  the  country,  and  railroad  officials  in  charge  of 
this  work  will  be  compelled  to  exercise  a  reasonable  measure  of  discretion  in 
carrying  out  any  recommendations  of  a  general  character  that  may  be  made. 

Why  Railroads  and  Other  Consumers  Should  Store  Coal 

1.  To  insure  an  ample  supply  for  locomotives  and  miscellaneous  steam  pur- 
poses during  period  of  reduced  delivery  occasioned  by  cessation  of  water-borne 
traffic,  mine  strikes,  extremely  rigorous  winter  weather,  periods  of  serious  car 
shortages,  etc. 

2.  So  that  a  partial  equalization  of  the  coal-car  supply  may  be  made.  The 
excess  demand  for  railroad  and  commercial  coal  during  the  fall  and  winter  sea- 
son, accentuated  by  a  decreased  daily  car  mileage,  invariably  leads  to  a  car 
shortage  during  that  period,  with  a  resulting  surplus  during  the  summer  season, 
when  coal  is  ordinarily  stored. 
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3.  The  cost  of  transporting  railroad  coal  during  the  summer  season  is  estim- 
ated as  not  exceeding  60  to  65  per  cent  of  the  cost  of  such  movement  during  the 
period  of  extreme  winter  weather,  during  which  time  if  the  carrier  is  relieved,  if 
Only  in  part,  of  tin-  transportation  of  railroad  coal,  the  locomotives,  cars,  and  coal 
thus  made  available  can  be  diverted  to  commercial  consumers,  with  resulting  re- 
venue advantage. 

How  to  Store  Coal 

The  actual  work  incident  to  the  storage  of  railroad  coal  should  only  be  under- 
taken after  a  study  of  the  subject  has  been  made  by  some  responsible  official,  who 
should,  after  conferring  with  the  proper  representatives  in  charge  of  purchase, 
transportation,  and  maintenance,  formulate  such  definite  plans  as  will  insure  the 
full  co-ordination  of  every  man  responsible  for  any  portion  of  the  work  to  be 
done;  to  this  end  the  following  points  should  be  given  careful  consideration: 

(a)  Determine  the  amount  of  coal  which  should  be  stored,  beginning  May  1, 
ending  August  31,  except  in  the  case  of  water-borne  coal,  where  the  storage  period 
will  be  governed  by  the  navigation  season.  The  rate  of  storage  daily  and  weekly 
should  be  prescribed  in  order  to  prevent  an  under  or  over  supply  at  the  storage 
station.  Storage  points  remote  from  the  source  of  supply  should  be  given  pre- 
ference. 

(b)  As  far  as  possible,  avoid  purchasing  coal  for  storage  that  bears  the  re- 
putation of  firing  when  stored. 

(c)  Store  screened  lump  coal  where  such  is  obtainable,  4-inch  or  6-inch  lump 
preferably,  the  portion  passing  through  the  4-inch  or  6-inch  screen  openings  to 
be  used  for  current  consumption  during  the  storage  period.  Coal  placed  in  in- 
dividual storage  piles  should  come  from  as  few  mint's  as  possible.  In  no  case  mix 
coal  from  different  districts  or  from  different  seams  located  within  the  same 
district. 

(d)  Before  undertaking  storage  select  a  suitable  location  as  near  as  possible 
to  the  point  of  consumption,  avoiding  hillsides,  rough  ground,  and  soft,  wet,  boggy 
ground  in  particular.  The  storage  location  should  be  thoroughly  cleaned  of  all 
refuse  matter,  giving  particular  attention  to  the  removal  of  vegetation,  wood, 
discarded  waste,  old  clothes,  or  other  similar  combustible  matter  which  would 
assist  in  starting  stock-pile  fires  or  would  depreciate  the  value  of  the  coal  when 
loaded  out.  Do  not  pile  above  a  steam  pipe,  over  a  sewer  trap,  or  against  a  hot 
wall.  Positive  provision  should  be  made  for  draining  the  ground  so  that  water 
may  not  accumulate  under  the  pile. 

(r)  It  is  now  well  established  that  coal  fires  spontaneously  by  the  oxidation 
of  the  fine  particles,  which  present  the  maximum  surface  for  the  air  to  act  upon, 
well-screened  coal  carefully  piled  seldom  firing,  for  the  reason  that  a  minimum 
surface  is  subjected  to  oxidation,  the  openings  between  the  lumps  admitting  of 
any  heat  engendered  passing  off.  Fires  usually  start  in  piles  where  the  coal  is 
more  or  less  separated  in  coarse  and  fine  strata,  the  air  entering  through  the 
coarser  strata  acting  on  the  finer  portion,  which  is  too  dense  to  admit  of  the  heat 
created  passing  off  with  sufficient  rapidity  to  prevent  firing.  Fine  coal  should  be 
invariably  stored  by  itself  and  in  such  a  way  as  to  exclude  as  far  as  possible  the 
air  from  entering  the  pile. 
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Slack  coal  has  been  stored  successfully  to  a  height  of  8  or  10  feet  by  packing 
it  as  hard  as  possible,  covering  the  surface  with  the  finer  portion  in  such  manner 
as  to  as  nearly  as  possible  exclude  air  and  water. 

Water  entering  the  bottom  of  a  storage  pile  is  exceedingly  dangerous  from  a 
firing  standpoint. 

Method  of  Unloading 

(1)  No  plan  covering  the  unloading  of  storage  coal  should  be  put  into  effect 
without  due  consideration  to  the  work  of  reloading  same,  bearing  in  mind  that 
in  the  event  of  spontaneous  combustion  the  portion  firing  must  be  removed 
quickly. 

Where  locomotive  cranes  with  clam  shell  buckets  are  available,  two  parallel 
tracks,  located  at  from  16  to  20  feet  centers,  should  be  laid  down  on  high  level 
ground  cleared  of  all  refuse  and  combustible  matter.  The  loaded  cars  arc  placed 
on  one  track  and  unloaded  by  a  crane  operating  on  the  parallel  track,  the  coal 
being  placed  in  a  pile  alongside  the  crane.  The  position  of  the  cars  and  crane  is 
reversed  with  the  completion  of  the  first  pile.  The  width  of  the  pile  depends  on 
the  radius  of  the  boom  travel,  and  its  maximum  height  is  determined  by  the  width 
of  the  base  and  the  flow  line  of  the  coal,  not  exceeding,  however,  a  total  of  20 
feet.  The  height  should  be  decreased  in  the  case  of  coals  that  have  been  known 
to  fire  easily.  The  tracks  should  remain  in  position  for  the  quick  removal  of  coal 
that  may  become  overheated  and  for  the  subsequent  reloading  of  the  coal  stored. 

(2)  Extensive  investigation  has  shown  that  many  fires  have  occurred  in  stor- 
age piles  where  a  separation  of  the  coarse  and  fine  coal  was  made,  by  dumping 
the  coal  as  unloaded,  on  the  same  spot,  or  along  the  center  line  of  the  pile,  the 
coarse  coal  rolling  down  to  the  side,  the  fine  coal  accumulating  at  the  center  or 
axis  of  the  pile;  the  air  entering  the  pile  through  the  coarser  portion  and  acting 
on  the  centrally  located  mass  of  fine  coal  producing  heat,  which,  on  account  of  an 
insufficient  air  circulation,  is  not  carried  off  with  sufficient  rapidity  to  prevent  high 
temperatures  and  spontaneous  combustion.  This  hazard  will  be  very  materially 
lessened  if  the  clam-shell  is  lowered  to  a  point  just  above  the  surface  of  the  pile 
before  the  contents  are  dumped.  A  layer  of  coal  2  feet  in  height  should  be  laid 
down  to  the  full  width  of  the  base  of  the  pile  and  over  the  entire  length  of  same, 
the  second  and  succeeding  layers,  each  2  feet  in  thickness,  to  be  laid  down  in  like 
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Fig.  74.     Method  of  Building  Pyramidal  Pile  in  Layers* 


*  Level  of  storage   pile  raised  two  feet  at   a  time  the  full  length  of  pile,   by  lowering  the 
clam-shell  to  a  point  just   above  the  surface  of  the  pile  before  discharging  contents. 
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manner.  This  method  of  unloading  will  eliminate  the  accumulation  of.  broken  fine 
particles  in  the  center  of  the  pile,  and  in  addition,  give  the  coal  a  limited  op- 
portunity to  season  before  being  covered  up  by  the  succeeding  layer.  A  sketch 
showing  a  cross  section  of  a  pile  so  laid  down  is  shown  herewith. 

(3)  Where  locomotive  cranes  are  not  available,  coal  from  necessity  is  fre- 
quently stored  by  unloading  self -clearing  cars  placed  on  a  track  on  the  top  of 
the  pile,  the  track  raised  from  time  to  time  on  the  coal.  This  arrangement  has 
the  disadvantage  of  causing  an  accumulation  of  crushed  coal  in  the  center  of  the 
pile,  with  lumps  on  the  outside  as  referred  to  in  paragraph  (2).  Where  it  is 
necessary  to  employ  this  method  of  unloading  and  after  the  pile  is  completed, 
the  track  should  be  moved  from  the  top  of  the  pile  to  the  surface  level  and  parallel 
to  the  storage  pile,  thus  making  provision  for  the  quick  removal  of  any  portion 
that  may  fire  by  using  the  standard  railroad  non-revolving  steam  shovel,  the 
American  type  railroad  ditcher,  or  locomotive  crane,  for  reloading  the  coal  either 
in  case  of  emergency  heating  or  for  current  use.  Coal  so  stored  should  not  be 
piled  to  a  height  exceeding  12  to  15  feet,  and  the  reloading  tracks  should  be 
maintained  readily  accessible  for  prompt  use  in  event  of  spontaneous  firing,  and  the 
shovel,  crane,  or  ditcher  kept  readily  accessible  and  always  in  condition  to  be  used. 

Where  mechanical  means  are  employed  for  spreading  coal  so  unloaded,  a 
standard  railroad  ballast  spreader  is  preferable  to  the  track  tie  dragged  through 
the  coal  underneath  a  car  truck  as  commonly  done. 

(4)  Trestle  storage  should  be  restricted  to  the  handling  of  coal  of  established 
reputation  for  safe-keeping.  The  fire  hazard  attendant  on  placing  storage  coal 
around  the  wooden  trestle,  plus  the  cost  of  construction  of  same,  and  the  difficulty 
of  handling,  makes  this  method  of  storage  inadvisable. 

(5)  Any  attempt  toward  the  storage  of  coal  will  prove,  at  best,  only  par- 
tially successful,  unless  some  one  responsible  individual  is  placed  in  charge  of  same 
with  full  authority  to  co-ordinate  the  various  branches  of  the  purchasing  and 
operating  departments.  A  thoroughly  competent  foreman  should  be  maintained 
at  every  storage  pile  to  oversee  the  storage,  to  inspect  the  billing  before  cars  are 
unloaded,  to  determine  the  source  of  supply  and  the  grade  of  coal  furnished,  and 
to  divert  to  current  consumption  cars  received  of  grade  or  kind  other  than  that 
prescribed. 

(6)  After  the  work  of  storage  is  completed  the  storage  piles  should  be  ade- 
quately policed  to  prevent  wholesale  loss  by  theft  and  to  insure  the  detection  of 
excessive  temperature.  It  is  generally  agreed  that  any  method  of  ventilating  stock 
piles  heretofore  employed  is  insufficient  to  safeguard  them.  Excessive  heating  is 
easily  detected  by  a  careful  examination  of  the  pile,  using  the  sense  of  smell;  and 
in  addition  the  inspector  should  be  equipped  with  a  few  sharpened  steel  rods, 
which  should  be  driven  into  the  pile  at  frequent  intervals.  Any  excess  heat  gen- 
erated may  be  detected  by  feeling  the  rod  immediately  upon  its  removal.  If  a 
hot  spot  is  found  with  the  rods,  the  temperature  should  be  carefully  watched  with 
a  thermometer  placed  inside  a  pipe  driven  into  the  pile  at  the  hot  place. 

(7)  All  coal  stored  should  be  picked  up  and  consumed  under  an  established 
schedule  and  during  the  period  of  car  and  coal  shortage,  when  transportation  is 
most  expensive  and  the  facilities  of  the  carrier  are  in  maximum  demand. 

Eugene  McAuliffe, 
Manager  Fuel  Conservation  Section. 
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APPENDIX     III 
Space  Occupied  by  Coal 

The  question  is  frequently  asked:  "How  many  cubic  feet  are 
there  in  a  ton  of  coal,  or  how  many  tons  of  coal  will  a  railroad  car,  bin, 
etc.,  of  a  given  size  hold?." 

Knowing  the  specific  gravity  of  any  coal,  the  weight  of  a  solid 
cubic  foot  can  be  readily  computed.  While  such  values  are  useful  in 
computing  the  tonnage  of  coal  in  the  ground,  they  are  not  useful  in 
determining  the  weight  per  cubic  foot  of  coal  broken  into  commercial 
sizes  to  be  used  for  fuel  or  for  storage.  The  weight  of  coal  in  com- 
mercial sizes  depends  upon  the  specific  gravity,  size,  and  condition  of 
the  coal,  and  the  extent  to  which  it  has  been  shaken  down  or  settled. 

The  following  is  a  summary  of  the  information  available,  compiled 
from  the  literature  on  the  subject  and  from  replies  to  a  questionnaire 
sent  to  about  seventy  manufacturers  of  coal  handling  machinery,  to 
engineers,  and  to  various  users  of  coal. 

A  tabulation  of  the  weight  of  177  samples  of  coal  from  many 
parts  of  the  United  States  will  be  found  in  Technical  Paper  No.  184 
of  the  United  States  Bureau  of  Mines.  These  tests  were  made  on 
domestic  sizes  of  coal  received  in  barrels.  The  coal  was  shoveled  loosely 
into  a  box  measuring'  2  ft.  by  2  ft.  by  2  ft.  and  leveled  off  with  a 
straight  edge.  The  results  show  a  variation  in  bituminous  coal  from 
the  several  coal  districts  of  the  United  States  as  follows  : 


Table  18 
Weight  of  Bituminous  Coal  in  Pounds  pee  Cubic  Foot  by  Districts 


Region 

Weight  in  Lb.  per  Ctj. 

Ft. 

Appalachian:  Pa.,  W.  Va.,  Md.,  Va.,  Ohio,  Term., 

43  to  57   5 

44  to  55 

45  .  5  to  50 
44  .  5  to  52  .  5 

Eastern  Interior  Basin:  111.,  Intl.,  and  Western  Ky. 
Western  Interior  Basin 

Uocky  Mountain 

An  average  of  these  same  results  by  states  is  given  in  Table  19, 
but  for  exact  information  as  to  coal  from  any  particular  district  and 
of  any  particular  size,  reference  should  be  made  to  the  original  paper- 
as  the  averages  given  include  a  variety  of  sizes. 
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Table  19 
Weight  of  Bituminous  Coal  in  Pounds  per  Cubic  Foot  nv  States" 


State 

\l  MI1EK   OF 

Samples 

Average  Weight 
Peb  Cubic  Foot 

Extreme  Values 
Per  Cubic  Foot 

5 
4 

14 
9 
2 
2 

11 
2 
4 
4 

41 
9 
9 
1 

51.3 
53.3 
48.8 
46.1 
47.0 
52.8 
47.2 
52.3 
47.3 
48.5 
51.2 
57 . 3 
53 . 3 
48.9 

45.5-54  0 

49 . 5-59 . 0 

45 . 0-55 . 5 

Indiana 

44.0-49.0 

46.5-47.5 

50.0-55  5 

43.0-54.5 
52.0-52.5 

Ohio 

46.0-49.0 

45.5-50.0 

46.5-55.0 

45.0-51.0 

41.0-57.5 

45.5-52.5 

♦United  States  Bureau  of  Mines. 

The  conclusions  reached  by  the  author  of  the  paper  arc : 

' '  A  study  of  the  foregoing  table  indicates  that  heavier  weights  may  be  ex- 
pected for  coals  of  high  fixed  carbon  content  than  for  those  of  low.  Increased 
ash  content  seems  to  lower  the  unit  weight.  It  is  also  true,  in  general,  that  the 
coals  high  in  moisture  are  lighter  than  those  low  in  moisture  and  the  younger  coals 
are  lighter  than  the  older  coals. 

' '  These  variables  combine  in  so  many  ways,  however,  that  it  is  difficult  to 
determine  from  the  data  available  anything  more  than  a  general  trend  and  con- 
sequently little  use  can  be  made  of  the  knowledge  of  a  change  of  one  or  more  of 
the  variables. ' ' 

The  change  in  weight  due  to  wetting  and  shaking  down  a  sample 
are  summarized  in  the  same  paper  as  follows: 

"  1.  Of  two  samples  of  any  coal  that  are  composed  of  the  same  proportions 
of  pieces  of  different  sizes,  the  sample  having  the  higher  moisture  content  will 
usually  weigh  the  more  per  cubic  foot. 

"2.  A  sample  of  higher  moisture  content  will  usually  occupy  more  space  for 
the  same  number  of  pounds  of  (dry)  coal  than  will  a  sample  of  lower  moisture 
content.  However,  the  increase  in  volume  for  the  wet  coal  is  not  as  great  pro- 
portionately as  is  the  increase  in  weight  per  cubic  foot. 

"3.  Coal  shoveled  loosely  into  a  container  will  settle  appreciably  if  the  con- 
tainer is  shaken,  and  the  weight  per  cubic  foot  will  be  correspondingly   increased. 

"4.  Slack  coal  composed  of  a  mixture  of  the  smaller  pieces  up  to  and  in- 
cluding nut  size  weighs  more  than  screened  nut  coal. 

"This  last  statement  coincides  witli  the  conclusions  drawn  from  experiments 
with  concrete  mixtures,  which  have  shown  that  a  much  denser  mixture  can  be 
made  by  using  certain  proportions  of  various  sized  pieces.  Pieces  of  nearly  uni- 
form size  when  piled  leave  about  45   per  cent  of  voids.     If  these  spaces  are  tille.l 
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with  still  finer  coal  of  uniform  size  the  weight  of  the  mass  is  increased  and  the 
interstices  in  the  finer  coal  can  again  be  filled  with  still  finer  pieces,  resulting  finally 
in  a  dense  mass.  It  is  evident,  therefore,  that  the  relative  proportions  of  fine  and 
coarse  material  have  a  considerable  influence  on  the  weight  per  cubic  foot  of  the 
mass. ' ' 

Table  20  contains  the  results  of  a  questionnaire  which  was  sent 
to  a  number  of  coal  handling  machinery  manufacturers,  engineers,  and 
coal  users  for  the  purpose  of  obtaining  current  practice  upon  the  sub- 
ject. It  must  be  remembered  in  this  connection,  however,  that  these 
figures  do  not  represent  generally  figures  based  upon  tests  of  actual 
conditions  but  rather  upon  current  practice,  allowing  an  ample  factor 
of  safety,  as  most  manufacturers  desire  to  give  the  customer  ample 
capacity  so  that  they  maj'  be  on  the  safe  side  in  calculating  tonnage 
or  space. 

Table  20 
Weight  per  Cubic  Foot  of  Coal  as  Given  by  Manufacturers 


Company 

Kind  and 

Size  of  Coal 

Cu.  Ft. 

XT  Ton* 

Wt.  per 
Cu.  Ft. 
in  Lbs. 

Angle  of 

Repose  in 

Degrees 

Remarks 

37 

Mine  car  design. 

Hyatt  Roller  Bearing  Co.  .  . 

52M 

•< 

Sanford  Day  Iron  Works.  .  . 

Bituminous 
Mine-run. 

40 

.. 

Bituminous 
Mine-run. 

50 

■i 

Mine  Car  Co. 

Atlas  Car  &  Mfg.  Co 

Bituminous 
Mine-run. 
Anthracite. 

40 

40-45 
30-33 

Cherry  Tree  Mach.  Co  .... 

37K 

.. 

Lakewood  Engineering  Co . . 

Loose 
Bituminous. 
Anthracite. 

50 
54-56 

30 
30 

Mine    and    industrial    car 
design. 

Helmick,  F.,  Mach.  Co 

42 

V  aried 
with  coal 

sign. 

Jeffrey  Mfg.  Co 

Pocahontas. 
Pittsburgh 
Bituminous, 
lnd.  and  111. 
Anthracite. 
Bituminous. 
Anthracite. 

40 

50 

35-37J^ 

40 
40 
30 
40 
37H 

Practice  in  building  chutes. 
Open  piles. 

Roberts  &  Schaefer  Co 

Bituminous 
Mine-run. 
Anthracite. 

Lignite. 
Bituminous. 

50 

57 
45 

30-35 
35-40 

Western  Wheeled  Scraper 
Co 

Bituminous 
Slack. 

45 

.45 

Ton  of  2240  lb. 

•2000  pounds. 
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Company 

Kind  and 
Size  of  Coal 

Cu.  Ft 

per  Ton 

Wt.   per 

»  Cu.  Ft. 

in  Lbs. 

Angle   of 
Repose  in 
Degrees 

Remarks 

Robins  Conveying  Belt  Co  . 

1M  in.-M  in. 
Nut. 

38K 
35H 

52 
56 

Loose. 

Well  shaken  down. 

Wood  Equipment  Co 

Mine-run  to 

Lump. 
Large  Lump 
Wet  mine-rur 

35-45 
55 
30 

48 

VA-1 

Kansas  Mine-run. 

40^ 

50 

vating  machinery 

40 

45 

45 

45 

40 

38 
45 

Brown  Hoisting  Mach.  Co.. 

Bituminous. 
Anthracite. 

40 
35 

1  '  ■_.   hoi' 

to  1  ver. 

Wellman-Seaver-Morgan 

Bituminous. 

Bituminous 

Mine-run. 

40 

Co 

43-13 

R.    H.     Beaumont    Co.... 

Bituminous. 

Bituminous 

Mine-run. 

Crushed 

Bituminous. 

40 

50 

Max.   Min. 
45     35 

45     35 
30     27 
50     40 

Coke. 

McMyler-Interstate  Co 

Bituminous 

50 
50 

45 
30 

Anthracite. 

Webster  Mfg.  Co 

Bituminous. 
Anthracite. 

40 

35 

27 

Morrow  Mfg.  Co 

50 

Bin  design. 

Great    Lakes    Dredge    and 
Dock  Co 

40 

Dock  and  bin  design. 

Jaeobsen  &  Schraeder 

Bituminous. 
Anthracite. 

Coke. 
Bituminous. 

50 

52 

30 
50-55 
52-55 
25-32 

35 

27 
35-45 

General  practice. 
More  exact  practice. 

Anthracite. 
Coke. 

" 

Watt   Mining  Car  Wheel 
Co 

40 

Heyl  &  Patterson  Ine 

Bituminous. 

Anthracite . 

40 
3G 

40 
30 

Link-Belt  Co 

Bituminous 
Mine-run, 

Lump,  Egg, 
and  Nut. 

Bituminous 
%  in.  and 
under. 

Anthracite 

10 

40 

found     to     give     ample 
capacity  under  approxi- 

45 

40 

mately      the       extreme 
conditions. 

37 

27 

Phillips  Mine  and  Mill 

Bituminous 

Mine-run. 

52 

45 

Mine  ear  and  small  storage 
Kin  desicn 

•2000  pounds. 
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The  Pcabody  Coal  Company  uses  the  following  figures  in  estimat- 
ing storage  for  coal  and  coke  in  coal  yard: 

Table  21 
Cubic  Feet  peb  Ton  of  Coal* 


Bituminous 


Pocahontas  Lump  and  Kgg  .  .  .  . 
Pocahontas  Mine-Run  and  Nut 

Pocahontas  Slack 

Hocking '. 

Screenings 

Indiana  Lump 

Mine-Run 

Smithing    

Quaker  Egg  and  Nut    

Quaker  hump 

Acorn  Lump 

New  Era 

No.  3  Washed  Nut 

Wasco  Lump 


Cubic  Feet 
Per  Ton 


35  .' 
36. 
35 . 

41. 
40. 
41. 
36. 
43. 
40. 

38. 

40. 
38 . 

42. 
40. 


A.NTIIl!  Mill: 


Chest  nut 
Range 
Small  Egg. 
Large  Egg. 

Pea 

Buckwheat 
Dust 


Coke 
Petroleum .  . 
Gas  House 
Solvay  Nut 


Cubic  Feet 
Per  Ton 


34 
35 
35 
36 

33 
32 

3.r) 


72 
66 


♦Peabody  Coal  Company. 

Mr.  J.  A.  Garcia  of  the  Allen  and  Garcia  Company,  Chicago,  has 
furnished  the  following  results  of  actual  tests  on  a  large  number  of 
ears  of  eoal  loaded  by  the  Dering  Coal  Company  in  1907.  The  volume 
was  calculated  from  measurements  made  on  railroad  carloads  just 
after  the}*  left  the  mine  tipple.  The  results  are  shown  in  Table  22. 
The  work  was  scattered  over  a  period  of  several  months  and  the  data 
were  collected  by  three  different  division  engineers  acting  under  defi- 
nite instructions  from  Mr.  Garcia. 


Table  22 
Weight  per  Cubic  Foot  of  Illinois  and  Indiana  Coai.t 


Company 

Cu.  Ft. 

Wt.  per 

Kind  and  Size  of  Coal 

Specific 

Remarks 

Dering  Coal  Co. 

per  TonJ; 

Cu.  Ft. 

Gravity 

West  Frankfort, 

Vein  6 

1.310 

Franklin  County,  111. 

34.8 

57 . 4 

Mine-run 

34.3 

58.3 

Mine-run 

37.0 

54.1 

\XA  in.  (round)  Screenings 

40.8 

48.9 

iy2  in.  to  3  in.  Nut 

41.2 

48.5 

3  in.  to  6  in.  Egg 

40.0 

50.0 

6  in.  Lump 

Vein  6 

Montgomery  County, 

37.5 

53.2 

Mine-run 

1   339 

Ind.,  Vein  6 

38.1 

52.5 

Ji  in.  bar  (Screenings) 

40.5 

49.4 

6  in.  (round)  Screenings 

38.6 

51.8 

1M-3  in.  Nut 

41.8 

47.8 

6  in.  Lump 

42.1 

47.5 

114  in.  Lump 

40.1 

49.8 

J4  in.  (bar) 

'Estimates  of  Air.  .1.  A.  Garcia. 
£2000  pounds 
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Table  22 — Continued 


Company 

Cu.  Ft. 

Wt.  per 

Kind  and  Size  of  Coal 

Specific 

Remarks 

Derixg  Coal  Co. 

per  Ton* 

Cu.  Ft. 

Gravity 

Vein  6 

1.305 

Vermilion  County,  111. 

40.5 

49.3 

Mine-run 

45.2 

44.1 

\A  in.  (bar)  Screenings 

45.1 

44.3 

A  in.  (round)  Screenings 

50.2 

39.8 

J4-2  in.  Nut 

47.8 

41.8 

2  in.  (round)  Lump 

43.8 

45.6 

I A  in.  (bar)  Lump 

Vein  3 

1.372 

Vermilion  County,  Ind. 

36.7 

54.4 

Mine-run 

40.0 

49.0 

\A  in.  (bar)  Lump 

Vein  4 

1.241 

Vermilion  County,  Ind. 

38.1 

52.5 

Mine-run 

40.8 

49.0 

\A  in.  (bar)  Screenings 

45.0 

44.4 

2A  to  4  in.  Egg 

42.6 

46.9 

4  in.  Lump 

43.5 

45.9 

\A  in.  (bar)  Lump 

Vein  5 

1.368 

Vermilion  County,  Ind. 

37.2 

53.7 

Mine-run 

and 

39.3 

50.9 

Mine-run 

Sullivan  County,  Ind. 

38.3 

52.2 

I A  in.  (bar)  Screenings 

40.6 

49.2 

I A  in.  (bar)  Lump 

39.9 

50.0 

\A  in.  (bar)  Lump 

Vein  6 

Sullivan  County,  Ind. 

40.7 

49.1 

\A  in-  (bar)  Screenings 

38.3 

52.2 

\XA  in.  (bar)  Screenings 

41.0 

48.7 

\A  in.  (round)  Screenings 

37.7 

52.9 

1  in.'  (round)  Screenings 

42.8 

46.7 

IA.-2A.  in.  Nut 

42.8 

46.7 

1-2M  in.  Nut 

41.3 

48.3 

2^-4  in.  Egg 

45.3 

44.1 

lJ^-4  in.  Egg 

40.1 

49.8 

23^-4  in.  Egg 

42.3 

47.2 

I A  in.  (bar)  Lump 

38.8 

51.5 

4  in.  Lump 

42.8 

46.7 

4  in.  Lump 

38.4 

52.0 

4  in.  Lump 

42.5 

47.0 

XA  in-  Lump 

*2000  pounds. 


Tables  23  and  24  give  other  results  for  bituminous  coal  and  Table 
25  gives  results  for  anthracite  coal. 


Table  23 
Space  Occupied  by  Bituminous  Coal  in  Cubic  Feet  per  Ton| 


Kinds 


Cumberland 

Clearfield 

New  River 

Pocahontas 

American  Cannel 
English  Cannel  . 


C0BIC 

Feet 

Per  Ton! 

36 

65 

33 

55 

40 

15 

34 

00 

41 

50 

42 

30 

fMines  and  Minerals,  Nov.,  1907. 
12000  pounds. 
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Table  24 
Stack  Occupied  in    Bituminous  Coal  in  ('chic  Feet  peh  Ton* 


Kind 

Cubic  Feet  per  Tonf 

Kind 

Cubic  Feet  per  Tonf 

Pittsburgh 

Erie 

Hooking  Valley 

Ohio  Cannel 

Indiana  Block 

Illinois 

Pittsburgh 

48.2 
46.6 
45.4 
45.5 
51.1 
47.4 
47.1 

Cumberland,  Max. 
Cumberland,  Min. 
Blossburg,  Pa. 
Clover  Hill,  Va. 
Richmond,  Va.  (Midlothian) 
Cannelton,  Ind. 
Pictou,  N.  S. 
Sydney,  Cape  Breton 

42.3 
41.2 
42.2 
49.0 
41.0 
47.0 
45.0 
47.0 

*Trautwine's  Engineer's  Pocket  Book. 
f2240  pounds 


Table  25 


Space  Occupied  by  A 

NTHRACITF 

Coal  in 

Cubic  Fe 

ET   PEK    T( 

>n| 

Kinds 

Cubic  Feet  per  Ton" 

Broken 

Egg 

Stove 

Chestnut 

Pea 

37.10 

37 .  30 
37.55 

38 .  05 
34.90 
34 .  95 

33 .  30 

34 .  65 
35.35 
35.45 

36.65 
36.95 
37.25 
37.70 
34.85 
34 .  35 
33.80 
34.20 
35.20 
34.95 

34.90 

36 .  35 

37 .  55 
37 .  25 
34 .  75 
33 .  75 
33 .  55 
33.80 
34.60 
34   35 

34.35 
36.35 
37.25 
37.25 
34 .  70 
34.00 
32.55 
33 .  55 
33 .  30 
33 .  70 

37.25 

Garfield  Red  Ash     

37 .  50 

Lykens  Valley 

38.50 
38.50 

Plymouth  Red  Ash 

30  90 

Wilkes-Barre 

36.90 

Lorberry 

Scranton 

Pittston 

33.05 
35 .  20 
34.95 

.;.-,  .mi 

JMines  and  Minerals. 
•2000  pounds. 


The  following  formulas  from  which  Table  26  was  calculated  are 
given  in  General  Catalog  18  of  the  Clifford -Wood  Company  of  New 
York  (See  Fig.  75). 
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Fig.  75.    Dimensions  for  Determining  Volt. me  and  Weight  of  Coal  Piles 
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Fur  Bituminous  Coal: 

Vol.  of  cadi  conical  end  =  0.0458 15D3;  vol.  of  cone  =  0.09163D3. 

Vol.  per  foot  of  straight  portion  =  0.175D2. 
For  Anthracite  Coal: 

Vol.  of  each  conical  end  =  0.0327D3;  vol.  of  cone  =  0.0654Da. 

Arol.  per  foot  of  straight  portion  =  0.125D-. 

Tons  =  Vol.  in  cu.  f t.  _^_  cu.  ft.  per  ton,  from  table  below.  40  cu. 
ft.  per  ton  was  used  in  calculating  the  following  table. 

Table  26 
Volume  and  Tonnage  of  Bituminous  Coal' Piles 


Vol.  in  Cubic  Feet 

Short  Tons 

D 

Feet 

Conical 

Per  Ft.  o? 

Conical 

Per  Ft.  of 

Ends, 

Straight 

Ends, 

Straight 

Each 

Portion 

Each 

Portion 

10 

45.82 

17.50 

1.15 

0.44 

11 

60.90 

21.20 

1.52 

0.53 

12 

79.00 

25.20 

1.97 

0.63 

13 

100.50 

29.55 

2.51 

0.74 

14 

125.75 

34.30 

3.14 

0.86 

15 

154 . 30 

39.40 

3.86 

0.98 

16 

187.30 

44.80 

4.68 

1.12 

17 

225.00 

50.60 

5.63 

1.26 

18 

267.00 

56.70 

6.67 

1.42 

19 

314.00 

63.20 

7.85 

1.58 

20 

402 . 50 

70.00 

10.05 

1.75 

25 

715.00 

109.30 

17.88 

2.74 

30 

1236.00 

157.50 

30.85 

3.94 

35 

1965.00 

214.50 

49.10 

5.36 

40 

2930.00 

280.00 

73.20 

6.99 

45 

4170.00 

354.50 

104.10 

8.86 

50 

5720.00 

437 . 50 

143.00 

10.93 

55 

7620.00 

529.00 

190.50 

13.22 

60 

9900.00 

630.00 

247.50 

15.76 

(55 

12600.00 

738.00 

315.00 

18.43 

70 

15700.00 

857.00 

392.00 

21.40 

75 

19320.00 

984.50 

483.00 

24.60 

80 

23450.00 

1120.00 

586.00 

28.00 

85 

28100.00 

1265.00 

702.50 

31.60 

90 

33400.00 

1420.00 

835.00 

35.50 

95 

39250.00 

1580.00 

980.00 

39.50 

100 

45815.00 

1750.00 

1145.00 

43.75 
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I.     Introduction 

1.  Preliminary  Statement.— The  work  reported  upon  in  this  bul- 
letin was  done  in  connection  with  the  Warm-Air  Furnace  Investiga- 
tion now  in  progress  at  the  University  of  Illinois.  This  investigation 
has  for  its  object  the  determination  of  the  efficiencies  and  capacities  of 
warm-air  furnaces  and  a  study  of  the  proper  conditions  of  installation 
and  operation,  so  that  furnaces  may  be  accurately  rated  and  properly 
selected  for  the  requirements  of  actual  service.  The  work  is  being 
conducted  under  a  cooperative  agreement  between  the  National  Warm- 
Air  Heating  and  Ventilating  Association  and  the  Engineering  Ex- 
periment Station  of  the  University  of  Illinois.  This  bulletin  is  a  re- 
port of  the  tests  of  heat  insulating  materials  and  surfaces  made  as  a 
part  of  the  Investigation,  and  is  included  in  item  (4)  of  the  Objects  of 
the  Investigation.* 

2.  Previous  Investigations. — In  May  1919,  it  was  observed  in 
these  tests  that  greater  temperature  reduction  occurred  in  air  passing 
through  bright  tin  pipes  covered  with  asbestos  paper,  such  as  are 
commonly  used  in  furnace  heating,  than  occurred  in  air  passing 
through  the  same  bright  tin  pipes  uncovered,  all  other  conditions  in 
the  comparative  tests  being  the  same.  It  was  therefore  evident  that 
the  actual  heat  loss  was  greater  through  the  asbestos  paper-covered 
pipes  than  through  the  same  pipes  uncovered. 

This  fact  was  reported  at  the  annual  Spring  Meeting  of  the  Na- 
tional Warm-Air  Heating  and  Ventilating  Association,  Columbus, 
Ohio,  June  11,  1919,  as  follows:  "  .  .  We  found  that  we  lost  about 
35  per  cent  more  heat  through  the  pipe  covered  with  asbestos  paper 
than  through  the  same  tin  pipe  not  covered.  .  .  This  great  loss 
amounts  to  approximately  5  per  cent  of  the  coal  consumed.  .  . 
Furthermore,  it  costs  from  ten  to  fifteen  dollars  to  cover  the  heat  pipes 
of  the  average  house  installation  with  asbestos  paper. '"t 


*  University  of  Illinois  Engineering  Experiment  Station,  Bulletin  No.  112,  "A  Report 
of  Progress  in  Warm-Air  Furnace   Research,"  by  Prof.  A.  C.  Willard,  p.  8 

t  Proceedings  of  the  National  Warm-Air  Heating  and  Ventilating  Association,  p.  To. 
June  11,   1919. 
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Because  of  the  inefficacy  of  many  of  the  present  warm-air  furnace 
heat  insulating  methods,  it  is  evident  that  a  complete  study  of  various 
insulating  materials,  coverings,  and  surfaces  would  be  justified. 

3.  Acknowledgments. — Credit  is  due  Professor  A.  C.  Willard 
for  the  original  idea  of  the  scheme  for  testing  the  samples,  and  for  the 
keen  support  which,  as  the  active  supervisor  of  the  Investigation,  he 
gave  this  work. 

Professor  A.  P.  Kratz  gave  valuable  advice  and  assistance  in  the 
use  of  the  thermocouples. 

4.  Significant  Conclusions. — The  results  of  the  tests  have  been 
given  some  publicity  heretofore,  but  not  in  the  complete  form  pre- 
sented in  this  bulletin.  The  following  significant  results  as  applied  to 
warm-air  furnace  heating  are  deserving  of  special  emphasis. 

(1)  The  use  of  thin  sheets  of  asbestos  paper  on  bright  tin 
heat  pipes  results  in  a  waste  of  heat.  The  use  should  be 
abandoned. 

(2)  Uncovered  bright  tin  pipes  are  more  efficient  carriers 
of  heated  air  than  asbestos  paper-covered  bright  tin  pipes. 
See  item  (4). 

(3)  This  fact  is  true  regardless  of  the  degree  of  bright- 
ness of  the  tin  surface. 

(4)  No  small  number  of  applications  of  asbestos  paper 
will  suffice  as  an  insulator.  Several  thicknesses  are  necessary 
to  make  a  covering  equal  in  this  respect  to  the  bare  tin. 

(5)  The  accumulation  of  dust  and  dirt  on  the  pipes  does 
not  greatly  alter  the  amount  of  the  loss. 

(6)  The  heat  loss  from  warm-air  furnace  pipes  covered 
with  one  layer  of  asbestos  paper  is  a  serious  item  in  the  cost 
of  heating,  amounting  to  more  than  5  per  cent  of  the  coal  con- 
sumption, depending  upon  the  number  and  size  of  the  pipes 
used. 

(7)  The  fact  that  pipes  are  partly  protected  from  convec- 
tion currents  of  air  by  joists  and  studding  does  not  greatly 
affect  the  loss. 

(8)  Unless  the  insulation  excels  the  uncovered  bright  tin 
in  heat  insulation  properties  it  should  not  be  used. 

(9)  Such  materials  are  available  and  the  tests  have  shown 
their  merits. 
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II.     The  Testing  Equipment. 

The  report  mentioned  in  paragraph  2,  which  was  made  at  Colum- 
bus, Ohio,  gave  the  results  of  tests  on  the  Auxiliary  Testing  Plant  (see 
Fig.  6).*  It  was  difficult  to  obtain  entirely  satisfactory  data  on  this 
plant  because  of  the  variation  in  the  velocity  of  the  air  flowing  up  the 
leader  and  the  difficulty  of  correctly  measuring  the  temperature  of  the 
air,  as  described  later  in  this  bulletin.  It  was  therefore  decided  that  a 
special  apparatus  should  be  devised  which  would  eliminate  possible 
errors  in  temperature  measurements. 

5.  Description. — The  apparatus  here  described,  (Figs.  1  and  2) 
was  the  one  used  in  the  tests  reported  in  this  bulletin.  It  consisted  of 
low  pressure  steam  heated  drums,  five  in  number,  surrounding  a  cen- 
tral steam  header  from  which  the  drums  drew  their  supply  of  steam. 
The  drums  were  accurately  uniform  in  size,  ten  inches  in  diameter 
by  twenty  inches  in  length  and  were  made  of  sheet  metal  of  the  kind 
to  be  tested.  Steam  was  condensed  in  the  drums  by  the  cooling  ac- 
tion of  the  air  surrounding  them  and  was  discharged  through  water 
seals  connected  to  each  drum.  These  seals  were  U-tubes  made  of  pipe, 
and  were  long  enough  to  contain  a  water  head  of  four  feet.  As  the 
steam  condensed  the  seals  became  filled  with  water;  the  condensate 
then  dripped  over  into  receivers  as  fast  as  it  accumulated.  The  water 
in  the  seals  cooled  to  room  temperature  before  it  dripped  into  the  re- 
ceivers so  that  evaporation  was  not  influenced  by  the  heat  of  the  water 
in  the  receivers.  Each  receiver  was  mounted  on  a  small  weighing 
scales  accurate  to  one  one-hundredth  pound. 

A  mercury  manometer  was  used  to  obtain  the  pressure  of  the 
steam  in  the  central  header,  and  since  the  temperature  of  the  steam 
for  any  known  pressure  may  be  taken  directly  from  steam  tables,  it 
was  possible  to  determine  the  temperature  of  the  medium  within  the 
drum  with  great  accuracy.  A  pressure  regulator  in  the  steam  supply 
line  held  the  pressure  constant  within  a  small  fraction  of  a  pound, 
about  0.2  pound  being  the  variation  during  a  test ;  as  the  temperature 
change  for  the  pressure  variation  was  negligible,  the  temperatures 
were  uniform  and  accurate  within  one  degree. 

*  University  of  Illinois  Engineering  Experiment  Station,  Bulletin  No.  112,  "A  Report 
of  Progress  in  Warm-Air  Furnace  Research,"  by  Prof.  A.  ('.  Willard,  pp.  45-49. 
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Fig.  2.  Photograph  Showing  the  Principal  Operative  Features  of  the  Steaix 

Drum  Plant 
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No  thermometers  were  required  for  determining  the  steam  tem- 
perature, but  one  was  used  in  each  drum  at  the  point  of  outlet  of  the 
condensate  to  detect  the  presence  of  air  in  the  drums.  The  readings 
of  these  thermometers  decreased  upon  the  formation  of  air  pockets 
in  the  lower  part  of  the  drums  or  in  the  connected  piping.  Air  could 
be  blown  out  of  small  petcocks  located  near  the  thermometers  in  the 
piping.  No  effects  on  the  coefficients  were  noticeable  when  steam  was 
allowed  to  escape  for  short  periods  from  these  petcocks,  which  could 
therefore  be  opened  during  a  test  to  discharge  any  small  accumula- 
tion of  air. 

The  drums  were  shielded  from  radiation  from  each  other  by 
blackened  compo-board  partitions.  These  partitions  did  not  in  any 
way  interfere  with  the  flow  of  natural  air  currents.  The  temperature 
of  the  air  was  measured  by  thermometers  suspended  at  the  elevation 
of  the  drums  at  convenient  positions  nearby.  The  thermometers  were 
not  affected  by  radiation  from  the  drums. 

Thus,  the  actual  measurements  involved  were  simple  and  were 
not  liable  to  serious  error.  These  measurements  consisted  of  the  weigh- 
ing of  the  steam  condensed,  the  reading  of  the  pressure  of  the  steam. 
and  the  reading  of  the  room  air  temperature. 
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III.     The  Tests 

6.  Operation. — The  tests  reported  herein,  forty  in  number,  with 
four  drums  under  steam  in  each  test,  were  carried  out  at  night  when 
the  doors  and  windows  of  the  large  laboratory  were  closed.  No  air 
currents  were  noticeable  near  the  apparatus.  A  period  of  ten  hours 
was  chosen  for  the  duration  of  a  test  as  that  time  was  sufficient  to 
permit  accumulations  of  condensate  great  enough  to  render  negligible 
the  slight  error  in  weighing.  These  quantities  of  water  varied  from 
5  to  20  pounds  depending  upon  the  surface  material  of  the  test  drums. 
The  steam  pressure  was  constant  on  any  given  test  within  0.2  of  an 
inch  head  of  mercury.  In  all  the  tests  there  was  only  one  case  in  which 
the  thermometers  indicated  the  presence  of  air  in  the  drums  at  the 
end  of  ten  hours  operation.  The  greatest  variation  of  temperature  of 
the  surrounding  atmosphere  during  any  night  was  four  degrees  Fah- 
renheit. A  recording  thermometer  was  used  to  show  the  uniformity 
of  the  laboratory  temperature. 

The  drums  were  tested  in  different  positions  around  the  steam 
header  in  order  to  compensate  for  any  irregularity  in  the  flow  of 
steam  to  the  drums  or  in  the  currents  of  air  about  the  drums.  As  no 
irregularities  were  noticeable  in  the  values  of  the  coefficients  of  emis- 
sivity  for  the  various  positions,  the  practice  was  abandoned  after  the 
first  four  drums  were  tested  in  the  interchanged  positions. 

One  drum,  of  bright  tin  not  insulated,  was  in  operation  in  all  tests. 
Its  performance  served  as  an  indication  of  any  lack  of  uniformity  in 
the  conditions  existing  throughout  the  tests. 

In  order  to  make  correction  for  the  loss  of  water  by  evaporation 
from  the  receivers,  a  receiver  of  water  was  balanced  on  a  scales  and 
the  loss  in  ten  hours  actually  determined  by  weighing.  After  several 
trials  in  which  the  loss  ranged  from  0.10  to  0.12  pound  it  was  decided 
to  use  the  value  0.11  pound.  This  amount  was  applied  as  a  correction 
to  all  the  weights  of  water.  Every  test  was  repeated  until  the  results 
obtained  were  found  to  agree  within  very  small  limits.  In  no  case  are 
the  data  reported,  the  result  of  less  than  two  tests,  and  in  most  cases 
four  were  run.  Two  tests  were  considered  sufficient  if  the  results 
agreed  within  one  per  cent  of  their  mean  value. 


EMISSIVITY  OF  HEAT  FROM  VARIOUS  SURFACES  13 

7.  Specimens  Tested. — A  complete  list  of  the  drums  tested  is 
given  in  Figs.  5  and  5a.  In  the  list  will  be  found  a  description  of  the 
insulation  or  the  surface  material,  the  actual  area  of  the  drum  exposed 
to  the  steam,  and  an  abstract  number  assigned  to  the  drum  (which 
will  be  useful  in  connecting  the  description  with  the  results  reported 
later  in  this  paper).  Fig.  4  shows  sections  through  some  of  the  insula- 
tions which  were  of  complex  construction. 
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IV.     The  Calculations 

In  calculating  the  coefficients  of  emissivity  for  the  various  sur- 
faces it  was  assumed  that  heat  of  the  vapor  was  entirely  given  up,  upou 
condensation,  to  the  air  through  the  walls  of  the  containers  and  the 
connected  piping.  Tests  on  the  low  pressure  steam-line  supplying 
the  drums  show  a  steam  quality  of  over  99  per  cent.  The  expression 
for  the  coefficient  is.  therefore,  calculated  as  follows: 

rW 

in  which,  Kl  =  B.  t,  u.  per  sq.  ft.  per  hr.  per  1  degree  F. 
r  =  latent  heat  of  one  lb.  of  the  steam. 
W  =  weight  of  condensate  per  hour. 
ts  =  temperature  of  the  steam. 
/„  =  temperature  of  the  surrounding  air. 
A  =  area  of  the  drum  exposed  to  the  steam. 

Correction  must  be  made  for  the  loss  of  heat  through  the  half-inch 
pipe  of  which  the  water  seal  was  made.  This  loss  is  not  accounted  for 
in  the  calculation  for  Kt  above.  Three  lineal  feet  of  the  half-inch  pipe 
were  exposed  to  the  steam.  The  correction  is  made  by  using  a  coeffi- 
cient  of  emissivity  for  this  pipe  of  2.50  B.  t.  u.  per  sq.  ft.  per  hr.  per  1 
degree  F.  and  the  exposed  area  of  0.375  sq.  ft.,  or,  2.50x0.375  =  ap- 
proximately 1.00  B.  t.  u.  per  hr.  per  1  degree  P.  to  be  subtracted  from 
the  heat  loss,  or, 

AKl  (ta-t„)  -1 .00 (tx-ta)  =AK  (1.,-U 

^i^-1.00  ... 


and  K  corrected  = 


This  correction  was  verified  by  tests  made  on  the  drums  with  the 
water  seals  heavily  insulated  with  hair  felt.  The  values  of  K  so  deter- 
mined agree  closely  with  the  values  obtained  by  applying  the  correc- 
tion. 

Fig.  3  is  a  copy  of  a  test  data  sheet  and  shows  all  readings  and 
calculations  for  one  test. 
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TestN°9                                      WARM   AIR  FURNACE    RESEARCH                        //7-7/7-/9/9 

ENGINEERING  EXPERIMENT  STATION                                 Z>«.v  ''-^-T^   'SIS 
UNIVERSITY  OF  ILLINOIS                                                 X^THjy 

s.hltl  Steam  Drum  Tests  of  Heat  Jnsv/af/ng  Ma far/a/s       " 

Clockwise  Order  of  Drums  is  N9*  2. 1.4.  3 

AT/                 N°Z               ATS                Af4 

INST.  NO. 

IC 

Tin 

Asbes, 

*osP. 

3PlyA 

ir-cell 

Paint 

Roc, 

mT 

SfcQffl 

Press. 
In.tig. 

6ag<z. 

Nd 

TIME 
1 

Scales 

ffcading 

.?s 

Weight 
Water 
'-4Q 

Scales 

.  2S 

Weigh) 
H20 

i-39s 

Scales 

6« 

Weight 
Hz0 

\-37i 

Scales  Weight 
ti20 

77 

8:45 

8.88 

11.21 

4.54 

2.11 

80./ 

80.2 

i.70 

: 

pm. 

3 

6:45 

19.78 

2838 

10.00 

20.24 
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23 
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Fig.  3.  A  Sample  Data  Sheet  for  a  Typical  Test 
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V.     Results  of  the  Tests 

8.  Discussion. — The  significance  of  the  tests  will  be  best  under- 
stood by  a  study  of  the  information  presented  in  the  diagrammatic 
chart,  Figs.  5  and  5a.  The  heavy  black  bars  afford  a  graphic  com- 
parison of  the  heat  emitting  value  of  the  various  surfaces.  Reference 
must  be  made  to  the  descriptive  list  of  drums  in  order  to  connect  the 
data  with  particular  test  specimens.  The  relative  efficiencies  of  the 
various  surfaces  as  heat  insulators  are  given  in  the  next  to  the  last 
column  of  the  chart.  The  coefficient  for  bright  IC  tin  was  used  as  the 
basis  for  this  comparison. 


/0-/b.  Asbestos  Paper 


Corrugated  A/r-  Ce//  Asbestos- 
Specimen  No.  3 


Corrugated  A/r-Ce//  Asbestos 
Sped  men  No.  6 


MTin 


ICT/n 


Spec  wen  A/os.  IO  &  /2 


Spec /men  No.  13 


C/oth  Wrapp/ng 


z  Asbestos  Cement 

.   /j  "j-M  Asbestoce/ 
Blocks 


£  F/neAsh  Dust 


6a/ y.  /ron 
Spec/men  No.  £/ 


Specimen  No.  /a 


Fig.  4.  Sections   Showing  Construction  of  Some  of  the  Complex  Surface 

Coverings 
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The  first  resull  of  importance  is  the  convincing  evidence  which 
the  tests  present  as  an  argument  against  1  lie  use  of  thin  layers  of  as- 
bestos paper  covering  on  bright  tin  pipes.  The  heat  loss  was  39  per 
cent  greater  with  one  thickness  of  the  paper  than  without.  Such  a  loss 
is  of  no  small  degree  of  importance  as  calculations  will  show  that  it 
results  in  a  waste  of  5  per  cent  or  more  of  the  coal  consumed  in  the 
average  house  furnace. 

The  fact  that  the  heat  loss  from  the  warm-air  pipes  of  a  furnace 
system  is  of  some  consequence  is  not  appreciated  generally.  A  con- 
siderable part  of  the  heat  of  the  air  flowing  through  the  pipes  of  the 
average  installation  is  dissipated  from  the  pipe  surface  to  the  surround- 
ing air  and  nearby  objects.  The  insert  in  Fig.  6  sets  forth  the  results  of 
tests  made  to  determine  the  amount  of  this  loss.  The  tests  were  carried 
out  on  a  single  leader  pipe  furnace,*  see  Fig.  6,  in  which  the  quantity 
of  air  handled  and  the  heat  content  of  the  same  above  the  entering  tem- 
perature could  be  readily  ascertained.  The  heat  loss  was  determined 
by  calculation  from  the  drop  in  temperature  of  the  air  in  its  passage 
through  the  pipe.  The  temperature  and  velocities  indicated  in  the 
curves  are  fair  representative  values. 

The  significance  of  these  preliminary  tests  is  to  bring  out  the  fact 
that  the  heat  loss  from  warm-air  furnace  pipes  is  a  serious  item.  From 
the  curves,  it  can  be  seen  that  in  the  case  of  the  asbestos  paper-covered 
pipes,  the  loss  amounts  to  about  23  per  cent  of  the  heat  of  the  air  at 
the  bonnet,  above  inlet  air  temperature.  If  the  pipe  is  of  bright  tin 
and  not  covered,  this  loss  is  reduced  to  about  17  per  cent  of  the  heat 
available.  In  either  case  the  loss  is  great ;  and  with  the  further  con- 
sideration that  a  warm-air  furnace  under  average  conditions  of  in- 
stallation is,  at  best,  only  about  60  per  cent  efficient,  it  will  be  under- 
stood that  the  actual  waste  of  coal  ascribable  to  poor  heat  pipe  insula- 
tion is  enough  to  warrant  attention. 

The  attempt  was  made  in  the  steam  drum  tests  to  determine  the 
effect  upon  the  heat  loss  of  having  the  drum  partly  enclosed  so  that 
free  circulation  of  the  air  about  the  drum  would  be  prevented.  The 
experiment  simulated  the  effect  of  running  leader  pipes  between 
joists.  The  results  of  these  tests  as  shown  in  No.  14  and  No.  14a  in- 
dicated a  slight  decrease  in  the  value  of  K  for  the  enclosed  drum. 

The  argument  has  been  advanced  that  if  bright  tin  pipes  were 
used  without  covering,  thej-  would  soon  become  fouled  with  dirt  and 

*  University   of  Illinois   Engineering   Experiment   Station   Bulletin   No.    112,    "A   Report 
of   Progress   in    Warm-Air   Furnace   Research,"   by   Prof.   A.   0.   Willard. 
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Drum 
Number 

Description  of  Surface 

Area 
Exposed 
to  Steam 

sa.ft. 

I 

IC  t/n,  not  insula  red,  bright 

S.S3 

la 

Same  as  No.  1  w/th  ash  dust  si  flea1  an  4  deep 

5.53 

2 

IC  tin  with  I  thickness  of  1 0-pound  asbestos 
paper 

5.52 

3 

ICtin  with  3  thicknesses  of  air- eel/  asbestos 
and  /  thickness  of  /O-pound  asbestos  paper 

5.50 

4 

/Ctin  w/th  2  app//cat/ons  of  gray  pa/nt, 
(of  zinc,  linseed  o/7,  and  lithpone 
composition) 

5.51 

5 

IC  t/n  with  1  thickness  of  asbestos  paper 
and  2  ap>p//cot/ons   of  pa/nt,  (No.  2  drum 
with  same  kind  of  paint  as  used  on  No.  4) 

5.52 

6 

ICtin  with  /thickness  of  air- ce//  asbestos 
and  tth/ckness  of  to  pound  asbestos 
paper,  (No.  3  drum  used.) 

550 

7 

1 C  tin  nicke/  p/ated  and '  pa //shed 

5.54 

8 

Ga/i/an/zed /ron,  No. 28  U.S.S.  gage 

553 

9 

Black  iron,  No.  28  U.S.S.  gage,  vert/  rusty 

5.52 

10 

Surface  and  drum  No  3  tv/th  /X  t/n  cos/ng 
surrounding,  w/tf)  /§''  a/r- space  and  tv/th 
6  i"rent  ho/es  cut  in  the  casing 

5.50 

II 

ICt/n/drumNo.  /)  coated  tv/th  Bake//te  /acguer 

5.53 

12 

Same  as  No.  10  but  w/th  vents  stopped 

550 

13 

IC  tin  (drum  No.  2)  w/th  /  th/ckness  of  / 0-pound 
asbestos  paper  and  a  surface  ofg/aze 
finish  printers' proof /ng  paper 

552 

14 

IC  tin  drum  A/o.  4  with  paint  removed  and  a 
housing  of  compo-board  constrc/ct/on,  to 
represent  Jo/ sts,  bu/'/t  around  same. 
Housing  8"deep  by  14" wide  by  28" tony 

5.5t 

Fig.  5.  Diagrammatic  Table  op  the  Besults  of 
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Coefficient  ofEmfs&w'fy-M 

i3.tu.per  sq.  ft  per  fir  per  /  °r~. 

0    02  0.4  0.6  0.8  i.O  /£  t.4  t.6   1.8  2.0  2.Z  2.4 

Relative 

Efficiency 

Per  Cent 

Drum 
Number 

■MntaMBi 

1.280 

100.0 

1 

^^^^^^^^^^^^^j^^ 

1 

1.440 

89.0 

/a 

2.080 

61.5 

Z 

0.565 

226.0 

3 

HB 

2.225 

57.5 

4 

2.155 

59.5 

5 

0.870 

/47.0 

6 

1.330 

96.0 

7 

— F^          ^.— .         EE~ 

1.330 

96.0 

8 

2.370 

S4.0 

3 

-ffi 

0.700 

183.0 

to 

^— 

■ 

1.575 

815 

If 

^■■B 

0.593 

216.0 

IZ 

i.800 

7/.0 

13 

1.430 

89.5 

14- 

One  Hundred  Sixty  Tests  on  Steam  Drums 
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Drum 
A/umber 

Descr/pt/or/  of  Surface 

Area 
Exposed 
to  Steam 

sq.ft. 

14a 

Same  as  No.  /4  with  housing  removed 

5.5/ 

/5 

Same  as  A/o.  to  but  w/th  the  a/r- space  packed 
w/tf?  dry  Jf7  asbestos  cement 

5.50 

/6 

/Ct/r>  w/th  2*  thicknesses   of  t2- pound 
asbestos  pop  er 

5.52 

/6a 

Same  as  A/o.  t6  w/th  ash  dust  sifted  on/6  deep 

5.52 

17 

/C tin /drum  A/o.2)  with  3  thicknesses  of 
12-pound  asbestos  paper 

552 

/8 

Go/i/an/zed  /ron/drum  A/o.  8 J  w/th  3  thickness- 
esof 'a/r-ce// 'asbestos  and  /  of '  /2-pound paper 

5.53 

f9 

ICtin  (drum  No.  2)  with  4  thicknesses  of 
12-pound  asbestos  paper 

552 

20 

/C  fin  w/th  1  thickness  of  asbestos  paper 
cowered  with  a  firm  coating  of  white 
ca/c/m/ne,  (for  determining  the  effect  of 
light  and  dark  surfaces) 

5.5/ 

21 

Ga/i/anized  iron  (drum  A/o.  6)  with  /?"  Asbesfo- 
cet '  b/ocks  cot/ere d  w/th  £' of  asbestos 
cement  and  a  cheesec/ofh  wrapper 

5.53 

2Z 

ICtin(drum  No.  2l  with  5  thicknesses  of 
12-pound  asbestos  paper 

5.52 

23 

Same  as  drum  No.  20  w/th  tampb/ack 
ca/c/mine  on  the  surface  used /n  that  test 

5.5/ 

24 

iC  tin  (drum  No.  2)  w/th  6  th/cknesses  of 
12- pound  asbestos  paper 

5.52 

25 

IC  tin  (drum  A/o.  2/  w/th  7  th/cknesses  of 
t2-paund  asbestos  paper 

5.52 

26 

JC  t/n  (drum  A/o.  2/  w/th  8  th/cknesses  of 
/2-pound  asbestos  paper 

5.52 

Fig.  5a.  Continuation  of  the  Diagrammatic  Table  of  the 
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Coefficient  ofE/77/ssiw'ty-K 
B.t.uperst/.ft.perhrper  /  VT 

0   02  0.4  0.6  0.8  /.0  /.2  J.4  £6  /.d  2.0  2.Z  2.4 

Relative 
Efficiency 
Per  Cent 

Drum 
Number 

mattmmmi^mmm 

1.520 

84.3 

I4a 

~ 

. 

. 

. 

■ 

. 

0.899 

142.0 

15 

1.680 

68.1 

16 

1.820 

70.5 

16a 

1.790 

7/.S 

17 

+ 

■ 

0.577 

222.0 

18 

_ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

1 

J.670 

76.5 

19 

2.050 

62.5 

20 

0.326 

392.0 

2/ 

^ 

/.435 

89.0 

22 

™ 

_ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

2.120 

60.5 

23 

^^^\ 

■ 

■ 

■ 

1390 

92.0 

24 

1.320 

97.0 

25 

1.260 

IO/.G 

26 

Kesults  op  One  Hundred  Sixty  Tests  on  Steam  Drums 
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I 

I 


Approx  Velocity  in  L  eader,  Ft  per  Sec. 
550  6.00  650  7.00  7.50 


25 
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— "-Hi 
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1        1        1 
~   Data  from  tests  of  5-3/- 19/9.  Covering  - 
_  materia/  used  was  one  thickness  of 

-  /O -pound  asbestos  paper. 

1         i         i         i         I   'i         i         i 

Si 


120  130  140  150  160 

Equivalent  Register  Temp,  above  65  °E, 
Equa/s  Regisrer  T-/n/et  T+65"E 


"LectcJer1Area=76:M5^ 


Area  70.54  sq.  in. 
4f~VZZV\  Area  57.00 sq in. 


Calorimeter^ 


-Condensation 


Fig.  6.  Elevation  of  Auxiliary  Furnace  Plant  with  Insert  Showing 
Percentage  of  Heat  Lost  from  Covered  and  from  Bare  Bright  Tin  Pipes 
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dust  and  so  rendered  less  efficient  heat  carriers  than  asbestos  paper 
covered  pipes.  The  fallacy  of  this  argument  is  revealed  by  tests  No. 
la  and  No.  16a.  In  these  tests  fine  ash  dust  was  sifted  on  the  test 
drums,  one  of  bare  bright  tin  and  the  other  asbestos  paper  covered. 
The  dust  was  more  than  one-sixteenth  inch  deep  on  top  of  the  drums. 
The  results  as  shown  in  tests  No.  la  and  No.  16a  of  the  chart  indicate 
that  the  bare  tin  suffered  a  loss  of  11  per  cent  in  efficiency  whereas 
the  asbestos  paper  surface  improved  2.4  per  cent.  There  still  re- 
mained, however,  a  difference  of  25  per  cent  in  favor  of  the  bare  tin 
pipe. 

In  order  to  demonstrate  further  the  inefficacy  of  thin  layers  of 
asbestos  paper  as  a  heat  insulator,  tests  were  run  in  which  the  number 
of  thicknesses  of  paper  was  increased  until  the  heat  loss  became  less 
than  the  loss  through  a  bare  bright  tin  specimen.  The  curve  (Fig.  7) 
gives  the  results  of  these  tests.  Eight  thicknesses  of  the  twelve-pound 
paper  were  applied  before  the  desired  result  was  obtained.  In  these 
tests  the  moistened  paper  was  wrapped  tightly  and  shrunk  on  the 
drums  so  that  only  a  small  quantity  of  air  was  entrapped  between  the 
successive  layers  of  paper.     The  total  thickness  of  paper  was  two- 
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Fr(i.  7.  Curves  Showing  Ineffectiveness  of  Commercial  Asbestos  Paper  foii 
Insulation  of  Bright  Tin  Pipes 
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tenths  of  an  inch.  The  impractical  features  of  such  a  method  of  in- 
sulating are  of  course  evident.  The  use  of  thin  layers  of  asbestos  paper 
on  bright  tin  pipes  must  be  abandoned  if  the  best  results  are  to  be  ob- 
tained in  furnace  heating. 

Other  materials  of  better  heat  insulating  value  than  the  bare  tin 
were  tested.  Numbers  3,  6,  10,  12,  15,  18,  and  21,  all  show  values  which 
indicate  that  a  large  saving  would  be  effected  by  their  use.  Some  of 
them  are  expensive  and  not  easy  of  application,  but  good  selections 
may  be  made.  The  air-cell  combinations  Nos.  3  and  6  are  excellent  in- 
sulators, are  easy  to  fit  to  basement  leaders,  are  not  expensive,  and  the 
latter,  in  particular,  is  not  bulky. 

The  double  wall  tin  pipes  Nos.  10  and  12  are  very  efficient  in- 
sulators and  are  easy  to  construct  and  to  install.  Other  tests  are  in 
progress  which  are  expected  to  establish  still  further  the  merits  of 
this  type. 

The  tests  on  galvanized  iron  specimens  brought  out  the  fact  that 
the  heat  loss  through  this  material  is  not  greater  than  through  bright 
tin  of  the  same  gage.  This  low  heat  radiating  property  is  an  argu- 
ment in  favor  of  the  galvanized  iron  leader  pipe.  Nos.  18  and  21 
are  good  insulations  for  the  exterior  of  furnace  casings,  the  heat  loss 
through  the  latter  being  almost  negligible.  No.  21  is  very  easily 
applied. 

The  tests  on  drum  No.  11  were  made  to  determine  the  effect  of 
transparent  applications  on  the  tin  surface.  Bakelite  lacquer  was 
used.  The  result  was  a  slight  increase  in  the  heat  loss.  It  was  thought 
that  the  use  of  the  lacquer  would  be  justified  in  practice  by  its  rust 
preventing  qualities,  but  specimens  exposed  to  steam  laden  air  for 
long  periods  show  no  advantage  for  the  protective  coating. 

Tests  Nos.  20  and  23  were  made  for  the  purpose  of  ascertaining 
the  effect  of  color  upon  the  heat  radiating  value  of  a  surface.  Applica- 
tions of  white  calcimine  were  made  on  a  drum  which  was  tested ;  then 
a  coat  of  dull  black  calcimine  was  added  and  the  drum  re-tested;  a 
final  coating  of  white  calcimine  was  applied  and  the  drum  again  tested. 
The  alternate  tests  with  white  calcimine  checked  very  closely  proving 
that  the  additional  thickness  of  the  calcimine  was  not  sufficient  to  have 
any  bearing  on  the  results.  Beyond  demonstrating  the  superior  radiat- 
ing value  of  a  dark  surface,  the  tests  have  little  significance. 

Specimens  Nos.  4  and  5  demonstrated  the  uneconomical  effect  due 
to  increased  heat  loss  of  any  kind  of  oil  paint  applications  on  heat 
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pipes.  A  comparison  of  Nos.  1  and  4  will  show  the  enormous  increase 
in  heat  loss  caused  by  painting  bright  tin  heat  pipes,  and  a  comparison 
of  Nos.  2  and  5  will  show  the  similar  wasteful  effect  of  painting  over 
the  asbestos  paper  covering.  However,  the  use  of  paint  on  asbestos 
paper  has  in  its  favor  the  moisture-proofing  effect  of  the  paint. 

Other  information  of  value  may  be  found  in  the  data  given  in  the 
table.  To  use  these  data  for  the  determination  of  the  approximate 
heat  loss  from  a  heat  pipe,  it  is  only  necessary  to  multiply  the  value 
of  K  for  the  surface  by  the  surface  area  of  the  pipe  exposed  and  fur- 
ther multiply  by  the  difference  in  temperature  between  the  air  inside 
and  outside  the  pipe,  or, 

B.  t.  u.  loss  per  hour  =  K  x  Area  in  sq.  ft.  x  (t1  -  ta) 

On  account  of  the  difficulty  of  correctly  measuring  the  temperature  of 
the  air  near  the  inner  surface  of  the  pipe,  the  method  of  determining 
the  loss  from  a  pipe  as  here  given,  is  only  approximate. 
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VI.     Corroborative  Tests 

9.  The  Auxiliary  Air  Plant. — In  order  to  show  the  connection 
between  the  work  done  on  the  steam  drums  already  described  and 
conditions  obtaining  in  a  warm-air  system,  the  following  account  of 
experiments  conducted  on  the  Auxiliary  Furnace  Plant*  which  is 
shown  in  Fig.  6  of  this  bulletin  is  given.  In  these  experiments,  the 
weight  of  air  flowing  up  the  pipe  was  determined  by  the  use  of  the 
steam-air  meter  which  supplied  the  heat.  Half  way  along  the  ten- 
foot  length  of  the  ten-inch  leader  pipe  was  located  a  traversing  device 
(  Pig.  8)  which  made  it  possible  to  get  temperatures  at  any  point  across 


Ga/i/anometer 


Pyrovo/fer 


Fio.  8.  Diagram  op  Thermocouple  Connections  to  the  Auxiliary 
Testing  Plant 


*  University    of   Illinois    Engineering   Experiment    Station    Bulletin    No.    112,    "A    Report 
of   Progress   in    Warm-Air  Furnace   Research,"   by    Prof.   A.    ('.    Willard. 
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the  pipe  diameter  by  intervals  of  one-hundredth  of  an  inch.  A  ther- 
mocouple was  used  in  the  traverse  and  its  readings  were  accurate  with- 
in one  degree  Fahrenheit.  A  second  couple  was  tinned  to  the  surface 
of  the  pipe  and  by  rotation  of  the  pipe  (a  short  section  could  be 
turned)  temperatures  at  any  point  on  the  surface  in  the  plane  of  rota- 
tion of  the  couple  eonld  be  determined. 


10.  Temperature  Measurement. — The  couples  used  in  this  work 
were  made  of  copper  and  constantan  wires  of  No.  22  gage.  The  junc- 
tions were  silver  soldered.  Fig.  8  shows  the  wiring  arrangement  and 
the  instruments  used  for  two  couples.  As  many  couples  may  be  used 
as  there  are  contact  points  on  the  selector  switch.  Four  were  used 
on  the  leader  pipe  for  the  tests  here  described.  The  couples  were 
calibrated  individually  in  a  hot  oil  bath  over  a  range  of  200  degree, 
and  calibration  curves  were  carefully  drawn.  It  is  possible  to  repeat 
readings  of  the  pyrovolter  within  0.01  millivolt  which  by  calibration  is 
0.4  degree  Fahrenheit.  This  insures  an  accuracy  of  reading  of  one- 
half  degree.  As  the  couples  were  soldered  to  the  surface  of  the  pipe 
in  some  parts  of  the  work,  it  was  thought  advisable  to  repeat  t he  cali- 
bration after  the  couples  were  removed  from  the  pipe.  The  constancy 
of  the  couples  was  found  to  be  unaltered  by  the  soldering  to  the  pipe. 

o     <■       tv,~  Sec/  See.*? 

■Surface  Temp. 


Sma// 


130  140  ISO  /60  170 

Air  Temperature  in  Degrees  F. 

Pig.  !».  Temperature  Traverse  Curves  of  Ten-Incit  Leader  Pipe 
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The  use  of  thermometers  for  accurate  temperature  measurements 
in  an  air  stream  is  not  satisfactory.  Thermometer  readings  will  not 
be  in  agreement  with  thermocouple  readings  though  both  are  suspended 
in  close  proximity  in  the  same  stream  of  moving  air.  For  this  reason 
thermocouples  were  used  throughout  these  tests. 

In  Fig.  9  are  given  temperature  traverse  curves  showing  the  varia- 
tion in  temperature  across  the  ten-inch  pipe.  Curves  are  shown  for  both 
the  asbestos  paper-covered  pipe  and  the  bare  pipe,  all  other  conditions 
of  the  tests  being  identical.  The  curves  demonstrate  the  heat-radiating 
value  of  the  asbestos  paper.  Note  that  not  only  the  air  temperature 
but  the  surface  metal  temperature  beneath  the  paper  is  lower  in  the 
case  of  the  covered  pipe,  this  fact  indicating  that  the  tin  is  conducting 
the  heat  to  the  asbestos  covering  which  in  turn  radiates  it  more  rapidly 
than  does  uncovered  tin.  Very  exact  means  were  taken  to  deter- 
mine the  temperature  of  the  film  of  air  in  contact  with  the  inner  sur- 
face of  the  pipe.  The  traversing  couple,  made  of  wire  0.025  inch  in 
diameter,  was  filed  flat  at  the  junction  so  that  it  was  less  than  0.02  inch 
thick.  Measurements  of  the  temperature  were  made  with  this  thin 
couple  at  a  distance  from  the  pipe  surface  just  great  enough  to  cause 
a  break  in  an  electric  circuit  through  the  couple  and  the  pipe,  the 
break  being  indicated  by  a  small  voltmeter  in  the  circuit.  The  dist- 
ance was  less  than  0.01  inch  from  the  pipe  surface.  The  temperatures 
were  found  to  differ  from  the  metal  temperature  15  to  30  degrees,  the 
greater  difference  existing  in  the  case  of  asbestos  paper-covered  pipe. 
(See  the  sample  data  sheet  Fig.  10  for  data  on  these  measurements.) 

The  temperature  change  of  the  air  flowing  in  the  pipe  was 
determined  by  the  use  of  couples  suspended  in  the  air  stream  three 
inches  below  the  top  of  the  pipe.  These  couples  correctly  register  the 
temperature  drop  of  the  mass  of  air  between  any  two  sections  for  the 
reason  that  the  traverse  curves  are  similar  in  shape  at  all  sections 
along  the  pipe,  and  the  error  in  reading  the  temperature  due  to  a 
difference  in  the  traverse  curve  is  very  slight.  This  fact  is  illustrated 
in  Fig.  9  at  Sec.  1  and  Sec.  2.  It  will  be  seen  that  a  great  difference 
in  the  shape  of  the  traverse  curve  would  be  necessary  to  cause  serious 
error  in  determining  the  temperature  drop  along  the  path  of  flow 
of  the  air. 

In  measuring  the  temperature  of  the  pipe  surface,  it  was  found 
that,  whereas  the  air  in  the  pipe  dropped  in  temperature,  the  pipe  it- 
self showed  a  measurable  increase  in  temperature  away  from  the 
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furnace.  This  slight  increase  occurred  when  Hie  pipe  was  covered  as 
well  as  when  bare.  As  this  increase  amounted  to  only  about  3  degrees 
and  was  proportional  to  the  length  of  pipe,  it  was  considered  per- 
missible to  use  the  temperature  half  way  up  the  leader  as  the  mean 
metal  temperature. 

11.  Calculation. — The  coefficient  of  emissivity  for  the  pipe  sur- 
face may  be  calculated  since  the  heat  loss  through  the  surface  of  the 
pipe  between  any  two  sections  is  equal  to  the  decrease  in  the  heat  con- 
tent of  the  air  in  its  passage  through  the  length  of  pipe  between  the 

two  sections,  or, 

0.24  W  (tl-L)  =  A  (ta-ta)  K, (3) 

in  which  ^Y  is  the  weight  of  air  flowing. 

t1-t2  =the  temperature  drop  of  the  air  in  the  given  length  of 

pipe. 
A       =  the  area  of  the  pipe  exposed  in  the  given  length  of 

pipe. 
ta— #a=the  drop  in  temperature  between  the  metal  of  the 

pipe  and  the  air. 
K,      =  the  coefficient  of  emissivity  not  corrected. 

Solution  of  the  equation  will  furnish  a  value  for  K2,  which  will 
not,  however,  check  or  agree  with  the  value  determined  in  the  steam 
drum  tests  of  the  same  material.  The  variation  may  be  easily  ex- 
plained since  it  is  a  well-established  law  that  the  coefficient  of  heat 
emissivity  of  a  hot  body  varies  with  the  temperature  difference  between 
the  heating  and  the  cooling  medium.  (See  tests  of  radiators  by  J.  R. 
Allen  which  demonstrate  this  fact).* 

In  the  case  of  the  heat  pipe  the  temperature  traverse  showed 
a  low  air  temperature  near  the  inner  surface  of  the  pipe  and  also  a  cor- 
respondingly low  temperature  of  the  metal  of  the  pipe.  The  result 
is  a  comparatively  low  value  of  ts-t„  and  according  to  the  law,  a  low 
coefficient  is  to  be  expected. 

The  following  case  will  illustrate :  the  pipe  was  covered  with  12- 
pound  asbestos  paper.    The  surface  couple  showed  that  the  tempera- 


*  Paper   by    J.    R.    Allen,    given    before    American    Society    of    Heating    and    Ventilating 
Engineers,   Jan.  28,    1920. 
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tore  of  the  tin  beneath  the  paper  was  actually  lower  than  the  tempera- 
ture in  the  case  of  a  bare  pipe. 

W        =  479 

ts  -f„=44 
A         =26.40 

v      479X0.24X17 

A 9  =  — ,,,<->,.    .„ —  =  1 .  77  13.  t .  u.  per  sq.  tt.  per  hr.  per  1  degree  1  . 
44X26.40 

Assuming  that  the  correction  of  0.2  per  cent  per  degree  P.  below 
the  standard  range  of  150  degrees  which  is  used  in  making  corrections 
with  direct  radiators,  applies  to  this  surface,*  the  value  of  K  becomes : 

K,  =  K  -  0.002  K  [150  -  (ta  - 1„)  ] 
1.77  =K  [1-0.002  (150-44)] 

K  =  2.24  B.  t.  u.  per  sq.  ft.  per  hr.  per  1  degree  F. 

This  result  is  in  close  agreement  with  the  value  of  K=  2.08  as  deter- 
mined in  the  steam  drum  tests,  and  reported  above. 

12.  Conclusion. — Enough  tests  have  been  made  on  this  apparatus 
to  entirely  corroborate  the  results  obtained  on  the  steam  drums,  and 
additional  tests  are  in  progress  in  which  more  exacting  methods  are 
employed.! 


*  "Mechanical  Equipment  of  Buildings,''  by  Harding  and  Willard,  Vol.  1.  \>  78 
t  For  further  information  regarding  the  tests  involving  the  use  of  thermocouples  on 
this  plant,  see  University  of  Illinois  Engineering-  Experiment  Station  Bulletin  No.  112,  "A 
Report  of  Progress  in  Warm-Air  Furnace  Research,"  by  Prof.  A.  C.  Willard.  An  abstract 
of  this  bulletin  was  presented  at  the  Annual  Meeting-  of  the  American  Society  of  Heating 
and    Ventilating    Engineers,    at    New    York,    January    28,     1920. 
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DISSOLVED    GASES    IN    GLASS 


I.     Introduction 

1.  Foreword. — The  work  described  in  the  following  pages  was 
begun  in  June,  1917,  as  part  of  a  program  of  research  on  some  of  the 
problems  connected  with  the  manufacture  of  optical  glass.  The  first 
experiments  were  carried  out  by  Mr.  Frank  F.  Footitt,  at  that  time 
Research  Assistant  in  the  Engineering  Experiment  Station.  Mr. 
Footitt  later  joined  the  Signal  Corps  of  the  United  States  Army  and 
was  detailed  at  the  University  to  assist  in  the  continuation  of  the  re- 
search. His  part  in  the  work  continued  until  he  was  honorably  dis- 
charged from  the  service  in  "February,  1919.  The  results  given  in 
the  first  three  chapters  of  the  present  paper  are  based  upon  Sgt. 
Footitt 's  experiments,  an  account  of  which  was  given  before  the 
Pittsburgh  meeting  of  the  American  Ceramic  Society  in  February, 
1919.  After  Sgt.  Footitt 's  discharge  the  investigation  was  dropped 
until  January,  1920,  when  it  was  again  taken  up  with  the  assistance 
of  Dr.  Elmer  N.  Bunting,  who  is  continuing  it  at  the  present  time. 

2.  Purpose  of  the  Investigation. — All  varieties  of  glass,  even  at 
ordinary  temperatures,  are  in  the  liquid  state  of  aggregation.  They 
are  liquids  which  have  been  cooled  through  their  normal  crystalliza- 
tion interval  so  rapidly  that  there  has  not  been  time  for  crystallization 
("devitrification")  to  occur.  Instead,  the  viscosity  of  the  liquid  has 
been  increased  to  such  a  large  value  that  the  molecules  do  not  have 
sufficient  freedom  of  motion  to  permit  the  rearrangements  necessary 
for  the  formation  and  growth  of  crystals.  The  liquid  has  thus  been 
supercooled  until  it  has  become  a  solid.  In  principle  any  liquid  can 
by  supercooling  be  brought  into  the  condition  of  a  glass,  but  since 
it  still  remains  a  liquid,  it  should  possess  the  characteristic  properties 
of  liquids,  including  the  power  to  hold  gases  in  a  state  of  solution. 

During  the  process  of  manufacturing  glass,  large  quantities  of 
gas,  mainly  carbon  dioxide,  oxygen,  and  nitrogen,  are  evolved  from 
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the  batch  owing  to  the  occurrence  of  chemical  reactions  such  as  the 
following : 


'2 


Na,C03  +  Si02     =  Na2Si03  -f  C02 

4  KN03  +  2  Si02  —  2  K2Si03  +  2  N2  +  502 

2  Pb02    +  2  Si02  =  2  PbSi03  +  02 

If  ammonium  nitrate,  NH4  N03,  is  employed  in  "blocking"*  the 
glass,  water  vapor  will  also  be  evolved  during  the  fining.  The  glass 
will  thus  be  saturated  with  these  gases  at  the  partial  pressures  which 
prevail  at  the  end  of  the  "fining"  operation. 

On  cooling  the  glass,  these  gases  should  remain  in  solution,  and 
glass  in  the  finished  state  may  therefore  be  expected  to  contain  appreci- 
able quantities  of  these  dissolved  gases.  Since  no  actual  data  concern- 
ing the  nature  or  amounts  of  such  dissolved  gases  were  available,  the 
experiments  described  below  were  undertaken  for  the  purpose  of 
throwing  some  light  on  this  question.  These  experiments  are  to  be 
regarded  as  preliminary  to  a  more  extended  investigation  of  these 
dissolved  gases,  and  of  their  influence  upon  the  properties  of  the 
finished  glass,  and  its  behavior  during  use. 

In  addition  to  the  account  of  the  experiments  conducted  to  date, 
and  their  results,  there  will  be  found  in  the  following  pages  some  dis- 
cussion of  the  relation  between  adsorbed  and  dissolved  gas,  the  in- 
fluence of  dissolved  gases  upon  the  properties  and  behavior  of  glass, 
and  the  use  of  the  vacuum  furnace  in  the  manufacture  of  glass. 

3.  Acknowledgments. — For  samples  of  glass  used  in  the  present 
investigation  we  are  indebted  to  the  United  States  Bureau  of  Stand- 
ards, and  to  the  Pittsburgh  Plate  Glass  Company.  The  Signal  Corps, 
and  later  the  Aircraft  Production  Board,  made  possible  the  prosecu- 
tion of  the  work  during  the  war  by  the  detail  of  Sgt.  Footitt  as  Re- 
search Assistant. 


*  The  term  "fining"  or  "plaining"  is  applied  to  the  operation  of  eliminating  bubbles 
from  the  molten  glass.  This  may  be  accomplished  by  heating  the  glass  to  a  sufficiently  high 
temperature  to  cause  the  bubbles  to  expand  and  rise  to  the  top  of  the  melt.  If  this  method 
is  not  effective  the  operation  of  "blocking"  is  employed.  This  consists  in  inserting  into  the 
melt,  with  the  aid  of  an  iron  rod,  a  potato,  a  piece  of  green  wood,  a  pellet  of  ammonium 
nitrate,  or  in  general  any  material  which  will  give  a  copious  evolution  of  gas  in  the  form 
of  large  bubbles  which  will  rise  through  the  melt  and  gather  up  the  small  bubbles  in  their 
path. 
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Fig.  1.     Melting  Pot,  with  Block  of  Glass  before  Melting 
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II.     Demonstration  of  the  Existence  op  Dissolved 
Gases  in  Finished  Glass 

4.  The  Method  Employed. — In  order  to  demonstrate  the  ex- 
istence of  dissolved  gases  in  considerable  quantity  in  a  piece  of  per- 
fectly clear  homogeneous  glass,  the  method  of  "sudden  evacuation" 
may  be  employed.  In  this  method  the  piece  of  glass  to  be  investigated 
is  melted  under  atmospheric  pressure  in  a  vacuum  furnace  which  can 
be  connected  through  a  valve  to  a  large  evacuated  tank.  When  the 
temperature  of  the  glass  has  reached  about  1200  deg.  C.  the  valve  is 
opened  quickly,  thus  causing  a  sudden  drop  of  pressure  within  the 
furnace. 

This  experiment  is  similar  to  the  opening  of  a  siphon  of  soda 
water,  and  if  the  glass  contains  dissolved  gases  a  similar  result  would 
be  expected,  that  is,  there  should  be  a  sudden  evolution  of  gas  from 
the  glass,  causing  it  to  expand  in  volume  and  to  effervesce  vigorously. 

5.  The  Glass. — The  glass  employed  in  the  first  experiment  was 
a  piece  of  barium  flint  optical  (1.6053-43.6)  having  the  following 
composition,  as  determined  by  the  Bureau  of  Standards: 


Oxide  . 

Si02 

As205 

PbO 

ZnO 

BaO 

K20 

Mole  (per  cent) 

64.5 

0.15 

9.73 

9.22 

10.2 

6.24 

A  piece  free  from  bubbles  was  selected,  placed  on  a  table  beside 
an  inverted  melting  pot,  and  photographed.     (See  Fig.  1.) 

6.  The  Furnace. — -The  vacuum  furnace  and  the  details  of  the 
heating  element  and  thermocouple  installation  are  shown  in  Figs. 
2  and  3,  which  are  self  explanatory.  The  outlet  tube  was  connected 
to  a  Nelson  rotary  vacuum  pump  and  also,  through  a  valve,  to  a 
large  vacuum  tank  (A,  in  Fig.  4)  having  a  capacity  about  100  times 
that  of  the  furnace  chamber. 

7.  Experimental  Procedure. — The  melting  pot  containing  the 
piece  of  glass  was  placed  inside  the  heating  chamber  (Fig.  2)  and 
this  in  turn  placed  within  an  insulating  cylinder  supported  on  the 
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Fig.  2.    Detail  of  Vacuum  Furnace 
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Fig.  3.     Detail  of  Pot,  Kesistor,  and  Insulation 

furnace  base  as  shown  (Fig.  3).  The  water  cooled  iron  dome  (see 
Fig.  4)  was  then  lowered  into  place  on  its  rubber  gasket  and  the  cur- 
rent started  in  the  heating  coil.  When  the  glass  had  attained  a  tem- 
perature of  about  1200  deg.  C.  the  valve  connecting  the  outlet  with 
the  large  vacuum  tank  was  quickly  opened. 

This  tank  had  been  previously  evacuated  to  a  pressure  of  1  inch 
of  mercury,  and  as  soon  as  pressure  equalization  had  taken  place,  as 
indicated  by  the  manometer,  the  valve  was  quickly  closed,  the  Nelson 
pump  started,  and  the  pressure  in  the  furnace  chamber  brought 
down  rapidly  to  less  than  1  cm.  of  mercury.  The  heating  current 
was  then  cut  off  and  the  furnace  allowed  to  cool  with  the  vacuum  on. 
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8.  The  Result. — On  opening  the  furnace  most  of  the  glass  was 
found  outside  of  the  pot,  standing  above  it  in  the  form  of  a  large 
white  mass  of  foam.  This  was  broken  away  from  the  pot  and  photo- 
graphed as  before,  beside  the  inverted  pot.  The  result  is  shown  ill 
Fig.  5.  By  comparing  Figs.  1  and  5  an  idea  of  the  increase  in  volume 
associated  with  the  evolution  of  the  dissolved  gases  may  be  obtained. 
This  amounted  to  about  six  times  the  volume  of  the  original  piece. 
The  existence  of  considerable  quantities  of  gas  in  a  state  of  solution 
in  the  glass  was  thus  demonstrated. 


/> 


Fig.  4.    Vacuum  Furnace  and  Large  Vacuum  Tank 
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Fig.  5.     Melting  Tot,  with  Block  of  Glass  after  Melting  and  Evacuating 
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III.     Partial  Analysis  of  the  Gases  Evolved 
prom  the  Glass 

9.  The  Apparatus  and  Method.— -The  furnace  employed  was 
that  used  in  the  preceding  experiment.  The  large  vacuum  tank  was 
disconnected,  however,  and  the  outlet  tube  V  was  connected  to  a  Gaede 
high  vacuum  pump,  through  an  analysing  train.  The  method  con- 
sisted briefly  in  evacuating  the  furnace  until  all  adsorbed  gases  were 
removed,  melting  the  glass,  drawing  the  evolved  gases  out  through 
the  analysing  train,  and  finally  washing  out  the  furnace  with  pure 
nitrogen.  All  connections  throughout  the  system  were  sealed  glass 
joints,  or  glass-to-glass  joints  covered  with  heavy  rubber  tubing  and 
coated  with  a  beeswax-rosin  mixture. 

10.  The  Analysing  Train. — The  analysing  train  consisted  of  the 
following  elements  in  the  order  named,  starting  from  the  furnace  end : 

(1)  a  series  of  six  gas  wash  bottles  containing  standard  barium 
hydroxide  solution,  and  having  their  delivery  tubes  drawn  down  to 
capillary  openings  so  as  to  produce  a  stream  of  small  bubbles  through 
the  solution  when  in  operation: 

(2)  a  drying  tower  containing  pumice  and  sulphuric  acid : 

(3)  a  glazed  porcelain  combustion  tube  containing  copper  gauze 
and  provided  with  a  heating  coil.  Two  pieces  of  copper  gauze  previ- 
ously reduced  in  hydrogen  and  then  weighed  were  placed  in  series 
in  the  combustion  tube,  which  was  kept  at  700  deg.  C.  during  the  run. 

Before  the  experiment  was  begun  the  analysing  train  was  thor- 
oughly washed  out  with  pure  nitrogen  in  order  to  remove  all  air. 
The  nitrogen  used  for  this  purpose  was  purified  by  passing  it  over 
hot  copper,  and  through  wash  bottles  containing  barium  hydroxide 
solution.  The  nitrogen  thus  purified  gave  zero  test  for  both  carbon 
dioxide  and  oxygen. 

11.  Flushing  the  Furnace. — In  order  to  remove  adsorbed  gases 
from  the  glass  pot  and  the  insulating  materials,  the  following  proce- 
dure was  adopted.  The  furnace  was  assembled  as  shown  in  Fig.  3 
with  the  melting  pot  in  place.  The  Gaede  pump  was  started  and  the 
pressure  in  the  furnace  reduced  to  0.02  mm.  At  the  same  time  the 
current  was  started  in  the  heating  coil  and  the  pot  heated  to  a 
temperature  several  hundred  degrees  higher  than  that  employed  in 
the  melting  operation.     The  furnace  was  kept  hot  and  the  Gaede 


18 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


pump  in  operation  for  several  hours.  Pure  nitrogen  was  then  ad- 
mitted to  the  furnace  chamber  until  atmospheric  pressure  was 
attained,  after  which  the  nitrogen  was  pumped  out.  This  wash- 
ing with  nitrogen  was  repeated  several  times  and  the  furnace  finally 
allowed  to  cool  while  filled  with  nitrogen. 

12.  Melting  the  Glass. — When  the  nitrogen  filled  furnace  was 
entirely  cold,  the  water  cooled  dome  was  hoisted  sufficiently  to  permit 
a  weighed  quantity  (about  350  grams)  of  glass  to  be  dropped  into 
the  melting  pot,  after  which  the  dome  was  immediately  lowered  into 
place  and  the  Gaede  pump  started.  At  the  same  time  the  resistor  was 
heated  to  just  below  red  heat,  and  after  the  pressure  had  fallen  to 
0.02  mm.  the  furnace  was  again  flushed  two  times  with  pure  nitrogen. 

Finally,  with  a  vacuum  of  0.01  to  0.02  mm.  in  the  furnace,  it  was 
sealed  by  closing  a  stop-cock,  and  the  temperature  of  the  pot  was 
raised  to  about  1000  deg.  C.  and  kept  there  for  one  hour.  The  pres- 
sure was  then  noted  and  the  temperature  of  the  pot  allowed  to  drop 
to  about  650  deg.  C.  after  which  pure  nitrogen  was  admitted  until 
atmospheric  pressure  had  been  reached. 

With  the  resistor  maintained  at  about  650  deg.  C.  the  contents 
of  the  furnace  were  then  pumped  out  through  the  analysing  train  and 
the  furnace  washed  out  with  nitrogen,  the  washings  being  also  pumped 
out  through  the  analysing  train.  The  furnace  was  finally  allowed  to 
stand  full  of  pure  nitrogen  until  time  for  the  next  experiment. 

13.  The  Results. — The  results  obtained  in  four  separate  experi- 
ments, using  pieces  of  the  same  block  of  glass,  are  shown  in  Table  1. 
It  will  be  noticed  that  oxygen  and  carbon  dioxide  are  present  in  solu- 
tion iu,  the  glass  to  the  extent  of  0.1  per  cent  of  its  weight.  Part, 
perhaps  the  greater  part,  of  the  carbon  dioxide  is  present  in  the  com- 
bined state  as  carbonate,  and  some  of  it  would  therefore  be  retained 
in  the  glass  even  under  a  vacuum  of  0.02  mm. 

Table  1 

Per  Cent  by  Weight  of  Oxygen  and  of  Carbon 
Dioxide  Dissolved  in  a  Barium-Flint  Optical  Glass 


Weight  Per  Cent 

Gas 

1 

2 

3 

4 

Mean 

Moles  per  Liter 

o<> .      

0.078 
.017 

0.092 
.023 

0.074 
.031 

0.086 

0.08 
.02 

0.07 

co2 

0.01 

— 

ri 


Fig.  6.     Apparatus  for   Measuring  and  Analysing   the  Dissolved  Gases 

in  Glass 
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IV.    A  Special  Apparatus  for  both  Measuring  and  Analysing 
the  Dissolved  Gases  in  Glass 

14.  Description  of  the  Apparatus. — The  experiments  described 
in  the  preceding  section  gave  satisfactory  evidence  of  the  existence 
of  dissolved  oxygen  and  carbon  dioxide  in  considerable  amounts  in 
finished  glass.  The  apparatus  and  the  method  employed  in  these  ex- 
periments were,  however,  rather  cumbersome  and  complicated,  and  it 
was  very  difficult  to  make  sure  that  no  leakage  of  atmospheric  gases 
into  the  evacuated  furnace  took  place.  The  method,  moreover,  did 
not  yield  a  measure  of  the  total  amount  of  the  dissolved  gases. 

In  order  to  eliminate  these  drawbacks  a  new  vacuum  furnace 
was  designed,  constructed  entirely  of  glass  and  porcelain,  which  could 
readily  be  made  perfectly  gas  tight,  and  which  also  permitted  all  of 
the  gas  evolved  by  the  glass  to  be  both  measured  and  analysed.  The 
final  form  of  this  apparatus  is  shown  in  Figs.  6  and  7. 

The  vacuum  casing  of  the  furnace  consisted  of  a  pyrex  glass 
tube  5  cm.  in  diameter  and  13  cm.  high,  provided  with  a  ground  glass 
stopper  having  a  mercury  seal  at  the  joint.  The  melting  pot  was  a 
cylindrical  porcelain  tube,  3  cm.  in  diameter  and  13  cm.  high.  It  was 
wound  with  platinum  wire  and  slipped  into  a  tightly  fitting  porcelain 
protecting  tube.  An  outer  more  loosely  fitting  protecting  tube  com- 
pleted this  portion  of  the  apparatus,  which  was  suspended  inside  of 
the  glass  tube  by  means  of  two  heavy  copper  leads  which  passed  out 
through  the  capillary  tubes,  T1  and  T2.  The  joint  between  these  lead 
wires  and  the  top  of  the  capillary  tubes  was  made  tight  by  a  rubber 
plug  covered  with  a  beeswax-rosin  mixture. 

15.  Determination  of  Free  Volume  of  Furnace. — For  this  pur- 
pose a  calibrated  230  cu.  cm.  flask  containing  air  at  atmospheric 
pressure  was  attached  at  M  and  the  stop-cock  Sx  was  closed.  The 
furnace,  containing  the  melting  pot  and  its  protecting  tubes,  was  then 
evacuated  to  a  pressure  of  0.1  mm.  of  mercury  and,  after  the  connec- 
tion to  the  pump  had  been  closed,  stop-cock  Sx  was  opened  and  the 
manometer  reading  again  taken.  The  volume  of  the  flask  being 
known,  and  the  change  in  pressure  which  occurred  on  connecting  it 
to  the  evacuated  apparatus,  the  free  volume  of  the  latter  was  calcu- 
lated to  be  475  cu.  cm. 
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FIG.    7.      DETAIL    OF   APPARATUS    FOR   MEASURING    AND    AN4LWNG    THE   DISSOLVED 

Gases  in  Glass 
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16.  Experimental  Procedure. — The  following  procedure  was  era- 
ployed  in  measuring  and  analysing  the  dissolved  gases  in  glass.  A 
weighed  sample  of  glass — in  some  cases,  25  grams,  in  others,  50 
grams, — was  placed  in  the  melting  pot  and  the  whole  apparatus  as- 
sembled as  shown  in  the  figure.  With  stop-cock  Si  closed,  the  ap- 
paratus was  evacuated  to  a  pressure  of  0.1  mm.  of  mercury,  and  at 
the  same  time  a  sufficient  current  was  passed  through  the  heating 
wire  to  heat  the  pot  and  protecting  tubes  to  about  400  deg.  C,  at 
which  temperature  no  dissolved  gas  is  given  up  by  the  glass.  This 
preliminary  heating  and  evacuating  was  necessary  in  order  to  remove 
adsorbed  moisture  from  the  porcelain.  The  connection  to  the  pump 
was  then  closed  and  the  whole  apparatus  allowed  to  stand  for  several 
hours  in  order  to  make  sure  that  it  was  perfectly  tight,  this  fact,  of 
course,  being  indicated  by  an  absolutely  constant  manometer  reading. 
Sufficient  current  was  then  passed  through  the  heating  coil  to 
raise  the  temperature  of  the  glass  to  1400  deg.  C.  and  the  heating  was 
continued  till  no  more  gas  was  evolved  from  the  molten  glass,  as  shown 
by  a  steady  manometer  reading.  During  this  heating  a  blast  of  air 
was  directed  on  the  ground  glass  joint.  The  apparatus  was  then 
cooled  to  room  temperature  and  the  manometer  reading  was  recorded. 
The  free  volume  of  the  furnace  being  known,  the  total  amount  of  gas 
evolved  by  the  glass  could  be  calculated.  The  total  time  required 
for  a  run  was  from  two  to  three  hours. 

After  the  final  manometer  reading  had  been  taken,  the  stop-cock 
leading  to  the  manometer  was  closed,  the  manometer  disconnected, 
and  a  small  Orsat  apparatus  connected  in  its  place.  The  tube  M  was 
then  connected  to  an  adjustable  mercury  reservoir,  the  mercury  filling 
the  tube  completely  up  to  the  stop-cock.  This  stop-cock  was  opened 
and  the  furnace  completely  filled  with  mercury,  all  of  the  gas  being 
driven  out  ahead  of  the  mercury  into  the  Orsat  apparatus,  where  it 
was  analysed  for  carbon  dioxide  and  oxygen,  any  residual  gas  being 
considered  nitrogen.  The  accuracy  of  the  chemical  analysis  was 
about  one  per  cent. 
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V.     The  Gas  Content  of  Three  Types  of  Commercial  Glass 

17.  A  Barium  Flint  Optical  Glass. — This  was  the  same  type  of 
glass  as  that  used  in  the  experiments  described  in  Chapter  III,  but 
was  obtained  from  the  Pittsburgh  Plate  Glass  Company,  and  may 
have  differed  somewhat  in  composition.  Its  index  of  refraction  was 
given  by  Dr.  Hostetter  as  "about  1.605,  and  its   v    value,  about  43.6." 

Two  experiments  on  50  gram  portions,  and  one  on  a  25  gram 
portion,  of  one  block  of  glass  gave  total  volumes  of  dissolved  gases 
(measured  under  standard  conditions)  of  15.6,  14.3  and  8.04  cu.  cm. 
respectively.  The  average  is  15.3  cu.  cm.  for  50  grams  of  glass, 
amounting  to  1.1  times  the  volume  of  the  glass  itself.  Two  samples  of 
another  block  of  the  glass  gave  a  volume  of  gas  (under  standard  con- 
ditions) equal  to  half  the  volume  of  the  glass.  The  history  of  the 
two  blocks  used  in  these  experiments  is  not  known.  They  were  taken 
from  a  25  lb.  lot  of  cullet,  and  may  have  come  from  two  entirely  dif- 
ferent melts.  It  is,  of  course,  to  be  expected  that  the  gas  content  of 
finished  glass  will  depend  very  materially  upon  the  melting  and  fining 
procedure  which  has  been  followed. 

The  gas  from  the  second  block  of  glass  was  analysed,  and  was 
found  to  consist  of  25  per  cent  carbon  dioxide  and  75  per  cent  oxygen. 
If  any  nitrogen  was  present  it  was  less  than  one  per  cent. 

18.  A  Light  Flint  Bulb  Glass. — The  sample  of  glass  used  had  the 
following  composition  according  to  the  manufacturer's  analysis: 

Oxide  .      .      .      Si02       PbO      A1203      CaO      Na20 
Mole  (per  cent)    75.0        7.15       0.45         0.60      16.76 

Two  melts  of  50  grams  each  were  made  and  they  gave  respectively 
3.2  and  3.5  cu.  cm.  of  gas  under  standard  conditions.  The  dissolved 
gas  thus  amounted  to  0.2  times  the  volume  of  the  glass  itself.  Analysis 
of  the  gas  gave  58  per  cent  carbon  dioxide,  24  per  cent  oxygen,  and 
18  per  cent  nitrogen.    The  density  of  the  glass  was  2.89. 

19.  A  Borosilicate  Laboratory  Glass. — The  glass  investigated  had 
approximately  the  following  composition : 

Oxide    .      .     .  Si02  B,03  As205   A1203  Fe203  CaO  MgONa20    K20 
Mole  (per  cent)   83.0    10.5       0.2        1.2        0.1      0.3      0.1       4.4     0.1 
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Twenty-five  grams  of  glass  gave,  on  melting,  a  volume  of  gas 
(under  standard  conditions)  equal  to  0.2  times  the  volume  of  the 
glass.  On  analysis  the  gas  was  found  to  consist  of  26  per  cent  carbon 
dioxide,  37  per  cent  oxygen,  and  37  per  cent  nitrogen. 

Table  2 
Summary  of  Results  on  the  Amounts  of  Dissolved  Gases  in  Finished  Glass 


Volume  Per  Cent  S.T.P. 

Weight  Per  Cent 

Concentration 
Moles  Per  Liter 

Glass 

02 

CO  2 

N2 

Total 

02 

CO  2 

N2 

Total 

02 

C02 

N2 

Barium  flint  .1 

Barium  flint  .2 

Light  flint 

83 
36 

4.5 

6 

27 
12 
10 
5 

<1 

<1 

3 

6 

110 
48 
18 
17 

0.035 
.015 
.0045 
.0036 

0.011 
.0045 
.014 
.0035 

0!0025 
.0031 

0.046 
.020 
.021 
.010 

0.033 
.016 
.004 
.0028 

0.011 
.005 
.010 
.002 

0  003 

Borosilicate 

.0028 

Water  at  Odeg.  C. 

.0023 

.080 

.0010 

20.  Discussion  of  the  Results. — The  results  obtained  with  the 
above  three  varieties  of  glass  are  summarized  in  Table  2.  Owing  to 
lack  of  data  concerning  the  melting  schedule  and  finishing  operation 
used  in  the  melts  from  which  the  samples  studied  originated,  it  is 
impossible  to  correlate  the  results  obtained  with  the  manufacturing 
procedure. 

The  quantity  and  nature  of  the  gases  present  in  the  finished  glass 
must  obviously  depend  upon  the  batch  composition  and  the  melting 
and  finishing  procedures.  The  influence  of  the  latter  factor  is  prob- 
ably responsible  for  the  different  results  obtained  with  the  different 
samples  of  the  barium  flint  optical. 

It  is  not  probable  that  any  appreciable  quantities  of  gas  are  ab- 
sorbed by  the  glass  from  the  atmosphere  of  the  furnace,  except  possibly 
in  the  case  of  glasses  which  are  mechanically  stirred  for  a  long  period. 
This  conclusion  seems  to  be  borne  out  by  the  absence  of  nitrogen  from 
the  barium  flint  glass.  The  dissolved  gas  must  therefore  originate 
from  the  gases  given  off  by  the  batch  itself  during  the  melting  and 
fining  processes. 

At  the  end  of  the  melting  period,  just  before  the  fining  operation 
begins,  the  glass  usually  contains  numbers  of  small  bubbles  in  which, 
owing  to  the  high  surface  tension  of  molten  glass,  the  gas  is  under 
a  pressure  greater  than  atmospheric.    At  the  end  of  the  fining  opera- 
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tion  the  glass  is  therefore  probably  still  somewhat  supersaturated  with 
gas,  since,  owing  to  its  high  viscosity,  it  cannot  very  rapidly  give  up 
this  extra  dissolved  gas.  The  higher  the  finishing  temperature,  and 
the  longer  the  glass  is  held  at  high  temperatures,  the  smaller  should 
be  the  amount  of  dissolved  gas  remaining  in  the  finished  glass.  This 
conclusion  seems  to  be  borne  out  by  the  results  obtained  with  the  boro- 
silicate  glass,  which  is  a  glass  requiring  very  high  finishing  and  work- 
ing temperatures.  The  great  preponderance  of  acidic  constituents  in 
this  glass  may,  however,  be  partially  responsible  for  the  small  quantity 
of  carbon  dioxide  found,  since  as  shown  by  Niggli,*  a  good  part  of 
the  dissolved  carbon  dioxide  in  glass  is  probably  combined  with  the 
basic  constituents. 


*  Niggli,  Paul,  "The  Phenomena  of  Equilibria  between  Silica  and  the  Alkali  Carbonates," 
Jour.  Amer.  Chem.  Soc,  Vol.  35,  1706  (1913). 
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VI.     The  Significance  of  Dissolved  Gases  in  Glass 

21.  The  Relation  between  Adsorbed  and  Dissolved  Gas. — It  has 
long  been  recognized  that  glass  in  common  with  many  other  substances 
displays  a  strong  tendency  to  adsorb,  that  is,  to  condense  upon  its 
surface,  gases  with  which  it  is  in  contact.* 

Adsorption  may  indeed  be  regarded  as  a  type  of  solution  in  which 
the  dissolved  molecules  do  not  penetrate  below  the  surface  layer  of 
the  adsorbent.  Such  a  "surface  solution"  will  therefore  ordinarily 
be  saturated  when  the  surface  of  the  adsorbent  is  covered  with  a  layer 
of  the  adsorbed  material  one  molecule  deep  and  with  its  molecules 
close-packed  laterally.! 

Adsorption  may  sometimes  be  accompanied  by  a  gradual  penetra- 
tion of  the  adsorbed  material  beneath  the  surface  layer  of  the  ad- 
sorbent, that  is,  it  may  be  accompanied  by  ordinary  or  "volume"  solu- 
tion; but  in  the  case  of  glass  at  low  temperatures,  such  solution  will 
probably  be  confined  to  the  superficial  layers.  Adsorbed  or  superfici- 
ally dissolved  gases  are  thus  to  be  distinguished  from  the  dissolved 
gases  studied  in  the  present  investigation,  which  are  more  or  less 
uniformly  disseminated  throughout  the  whole  mass  of  the  glass.  Lang- 
muirj  has  found  that  water  vapor  is  adsorbed  and  then  slowly  dis- 
solved by  glass.  He  also  found  that  lamp  bulbs  when  heated  in  vacuo 
evolved  adsorbed  carbon  dioxide  and  nitrogen  in  addition  to  water 
vapor. 

Recently  Sherwood  §  has  devised  a  dynamic  method  for  studying 
the  gases  evolved  by  glass  when  heated  in  vacuo  to  temperatures  be- 
low its  softening  point.  He  found  that  adsorbed  gases  could  be  re- 
moved completely  by  heating  to  200  deg.  C.  in  vacuo  and  that  the 
amount  of  such  gases  corresponded  to  a  layer  about  one  molecule 


*  Cf.  Guichard,  M.,  "Sur  les  gaz  degage  des  partus  des  tubes  de  verre."  Bull.  Soc. 
Chim.   100,   440    (1911). 

t  For  a  more  detailed  discussion  of  the  relation  between  adsorption  and  solution  see 
Washburn,  E.  W.,  "Introduction  to  the  Principles  of  Physical  Chemistry,"  Ed.  2,  Chap.  XXV, 
The  McGraw-Hill  Book  Company,  New  York,   1921. 

%  Langmuir,  I..  "The  Adsorption  of  Gases  on  Plane  Surfaces  of  Glass.  Mica  and 
Platinum,"  Jour.  Amer.  Chem.  Soc,  Vol.  38,  2283-4   (1916);    Ibid.,  Vol.  40,   1387    (1918). 

§  Sherwood,   R.  G.,   "Gases  and  Vapors  from  Glass,"  Phys.  Rev.,  Vol.   12,   448    (1918). 
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deep  over  the  surface  of  the  glass.  On  subsequent  heating  to  500  deg. 
C.  a  further  evolution  of  gas  occurred,  which  he  attributed  to  "chem- 
ical reactions"  occurring  within  the  glass. 

The  well  known  jump  in  pressure  within  an  exhausted  glass 
vessel  which  occurs  when  it  is  "sealed  off"  and  the  subsequent  deteri- 
oration of  the  vacuum  with  time  has  been  studied  by  Shrader.*  He 
concludes  that :  ' '  The  vacuum  in  sealed  vessels  deteriorates  with  time, 
rapidly  at  first,  and  then  more  slowly,  and  subsequent  heating,  even 
at  temperatures  lower  than  the  heat-treating  temperature,  results  in 
increase  of  pressure  due  to  further  liberation  of  the  gases  and  vapors 
from  the  glass.  No  connection  between  different  samples  of  the  same 
glass  or  different  glasses  can  be  established.  It  is  quite  probable  that 
there  are  variations  in  the  properties  of  different  samples  of  the  same 
glass  quite  as  great  as  the  variations  between  different  glasses  of  about 
the  same  grade. ' ' 

There  is  every  reason  to  believe  that  the  dissolved  gases  in  glass 
play  an  important  role  in  the  behavior  described  by  Shrader.  Cer- 
tainly the  jump  in  pressure  which  occurs  during  the  sealing-off 
process  can  be  ascribed  to  this  source,  and  it  seems  entirely  probable 
that  gas-free  glass  would  be  superior  in  many  respects  to  ordinary 
glass  for  the  manufacture  of  high  vacuum  apparatus. 

The  adsorption  of  various  gases  by  glass  and  their  subsequent 
evolution  with  vacuum-heat  treatment  have  been  studied,  particularly 
with  respect  to  the  production  and  maintenance  of  high  vacua,  by 
Ulreyt  in  a  recent  investigation  which  at  the  time  of  writing  is  avail- 
able only  in  abstract.  His  conclusions  in  the  main  substantiate  those 
already  referred  to,  but  the  following  may  be  mentioned : 

(1)  "Glass  from  which  practically  all  absorbed  gases 
have  been  removed  by  melting  in  vacuo  subsequently  reab- 
sorbed gases  from  the  atmosphere  at  room  temperature." 

(2)  "At  temperatures  up  to  the  softening  point,  diffusion 
of  gases  of  the  atmosphere  through  glass  does  not  take  place. ' ' 
With  reference  to  his  first  conclusion,  a  distinction  should  be 

drawn  between  absorbed  or  dissolved  gases  and  adsorbed  gases.  The 
removal  of  the  former  by  melting  in  vacuo  does  not,  of  course,  affect 

*  Shrader,  J.  E.,  "Residual  Gases  and  Vapors  in  Glass  Bulbs,"  Phys.  Rev.,  Vol.  13,  437 
(1919). 

t  Ulrey,  D.,  "Evolution  and  Absorption  of  Gases  by  Glass,"  Abstract  in  Phys.  Rev.,  Vol, 
14,    160    (1919). 
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the  ability  of  the  glass  to  adsorb  gases  from  the  atmosphere,  the  latter 
being  an  entirely  independent  process. 

The  evidence  for  his  second  conclusion  not  being  available,  its 
exact  significance  is  not  entirely  clear.  The  fact  that  the  atmospheric 
gases  seem  able  to  diffuse  through  quartz  glass  at  comparatively  low 
temperatures  renders  it  not  improbable*  that  a  similar  behavior  might 
be  exhibited  by  some  of  the  ordinary  commercial  glasses  under  some 
circumstances,  although  doubtless  to  a  considerably  less  extent. 

22.  The  Influence  of  Dissolved  Gases  upon  the  Properties  and 
Behavior  of  Glass. — Evolution  of  dissolved  gas  in  the  form  of  bubbles 
tends  to  occur  whenever  the  pressure  on  glass,  while  in  a  fluid  condi- 
tion, is  decreased.  Such  a  decrease  in  pressure  will  occur  during  the 
manufacturing  operation  whenever  there  is  a  marked  fall  in  the 
barometer,  and  it  would  be  interesting  to  know  whether  there  is  any 
record  of  troubles  with  "seedy"  glass  accompanying  periods  of 
barometric  depression. 

A  condition  of  reduced  pressure  with  a  consequent  evolution  of 
bubbles  of  gas  also  results  from  the  strains  set  up  by  the  contraction 
of  the  glass  itself.  If  the  outside  of  a  mass  of  glass  be  allowed  to 
solidify  while  the  interior  is  still  in  a  fluid  condition,  it  is  evident 
that  the  gradual  solidification  of  the  remaining  glass  must  bring  about 
a  tension  upon  the  still  fluid  portions;  and  this  decrease  in  pressure 
will  cause  them  to  evolve  their  dissolved  gases,  with  the  consequent 
formation  of  a  mass  of  bubbles  in  those  portions  of  the  glass  which 
remain  longest  in  the  fluid  condition.  Some  interesting  examples 
of  the  formation  of  seed  from  this  cause  have  been  described  by 
Williams.! 

Still  another  instance  of  the  occurrence  of  reduced  pressure  dur- 
ing manufacturing  operations  is  met  with  in  cases  where  the  glass  is 
"gathered"  by  suction,  as  in  the  case  of  the  Owens  machine.  If  the 
glass  when  it  reaches  the  gathering  machine  is  supersaturated  with 
dissolved  gases,  the  operation  of  gathering  will  evidently  result  in 
the  formation  of  seed,  some  of  which  will  not  disappear  again  when 
the  suction  is  released.     If  the  glass  at  the  moment  of  gathering  is 


*  Cf.  Le  Chatelier,   "La   Silice  et  les   Silicates,"   p.   94,   Hermann   et  Fils,   Paris   1914; 
Mayer,   E.   C,   "Leakage  of  Gases  through  Quartz  Tubes,"   Phys.  Rev.,  Vol.  4,   283    (1915). 

t  Williams,    A.    E.,    "Observations   on   the    Formation   of   Seed   in    Optical   Glass   Melts," 
Jour.  Amer.  Ceramic  Soc,  Vol.  I,   134   (1918). 
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undersaturated  with  the  dissolved  gases,  as  will  be  the  case  if  it  has 
been  kept  long  enough  at  a  sufficiently  high  temperature  before  reach- 
ing the  gathering  machine,  the  suction  may  still  result  in  the  momen- 
tary appearance  of  seeds,  but  these  will  be  largely  of  the  vacuum  type 
and  not  permanent;  if  permanent,  they  will  probably  be  exceed- 
ingly small,  after  the  glass  is  finished. 

Since  both  the  appearance  and  disappearance  of  the  seeds  under 
these  conditions  is  a  process  requiring  a  certain  amount  of  time  for 
the  attainment  of  equilibrium,  the  viscosity  of  the  glass,  the  time 
during  which  it  is  under  the  reduced  pressure,  and  the  subsequent 
cooling  and  annealing  operations  will  evidently  all  have  an  influence 
on  the  final  state  of  the  glass  as  regards  freedom  from  seeds.  Seeds 
formed  from  glass  which  is  supersaturated  or  practically  completely 
saturated  with  dissolved  gases  cannot  be  removed  by  annealing,  but 
seeds  resulting  from  reduced  pressure  upon  glass  which  is  under- 
saturated  with  dissolved  gases  will  disappear  or  be  greatly  reduced  in 
size  by  proper  annealing. 

The  complete  story  of  the  effect  of  dissolved  gases  upon  the  prop- 
erties and  behavior  of  glass  must  await  the  results  of  further  in- 
vestigation. It  seems  entirely  probable  that  the  presence  of  dissolved 
gases,  and  especially  of  microscopic  seeds,  may  materially  increase 
the  tendency  of  the  glass  to  devitrify,  and  the  entire  removal  of  this 
constituent  might  make  it  possible  to  obtain  results  which  are  not 
possible  under  ordinary  conditions  owing  to  the  rapidity  of  devitrifica- 
tion. Certainly  the  known  facts  concerning  the  behavior  of  other 
supercooled  solutions  point  in  this  direction.* 

23.  The  Use  of  Vacuum  Furnaces  in  the  Manufacture  of  Glass. 
— The  results  described  in  the  preceding  pages  are  to  be  regarded  as 
preliminary  only.  It  is  intended  to  continue  the  investigation  not 
only  for  the  purpose  of  determining  the  influence  of  dissolved  gases 
upon  the  properties  and  behavior  of  glass,  but  also  for  the  purpose  of 
determining  the  practicability  and  value  of  a  commercial  process  for 
the  production  of  gas  free  glass. 

The  investigation  of  this  subject  was  started  early  in  1918,  and 
the  results  thus  far  attained  indicate  that  a  vacuum  furnace  process 
for  the  manufacture  of  certain  types  of  glass  is  entirely  feasible  on 


*  In  this  connection  see  Germann,  A.  P.  O.,  "The  Devitrification  of  Glass,  a  Surface 
Phenomenon.  The  Repair  of  Crystallized  Glass  Apparatus."  Jour.  Amer.  Chem.  Soc,  Vol.  43, 
11   (1921). 
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an  industrial  scale,  and  that  it  offers  a  number  of  pronounced  ad- 
vantages over  current  methods.  It  eliminates  entirely  the  fining 
operation  as  ordinarily  understood,  materially  reduces  the  high  finish- 
ing temperatures  required  with  some  glasses,  produces  in  all  cases  a 
product  absolutely  free  from  even  the  smallest  seeds,  and  these  re- 
sults suggest  the  possibility  of  considerably  increasing  the  yield  of 
perfect  glass.  Its  main  field  of  usefulness  will  probably  be  in  the 
manufacture  of  certain  types  of  optical  glasses  and  of  glass  for  high 
vacuum  apparatus. 
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VII.     Summary 

24.     Summary  of  Results. — The  results  of  the  investigation  to  date 
may  be  summarized  as  follows : 

(1)  All  varieties  of  glass  in  the  finished  state  contain  dis- 
solved gases. 

(2)  The  amount  of  this  dissolved  gas  is  sufficient  to  cause 
the  glass  to  effervesce  violently  if  the  pressure  upon  it  be  sud- 
denly reduced  while  it  is  in  a  fluid  condition. 

(3)  The  amount  and  composition  of  the  dissolved  gas 
varies  greatly  with  the  type  of  glass  and  the  detail  of  the 
melting  and  fining  procedures. 

(4)  In  the  three  types  of  industrial  glass  examined,  the 
volume  of  the  dissolved  gases  (measured  under  standard  con- 
ditions) varied  from  0.2  to  2  times  the  volume  of  the  glass  it- 
self. 

(5)  Carbon  dioxide,  oxygen,  and  nitrogen  were  found  in 
varying  amounts  in  the  gas. 

In  addition,  as  a  result  of  this  experimental  work,  a  convenient 
apparatus  for  measuring  and  analysing  the  dissolved  gases  was  de- 
veloped, and  an  improved  type  of  vacuum  furnace  for  the  manufac- 
ture of  gas-free  glass  was  constructed. 
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SOME  CONDITIONS  AFFECTING  THE  USEFULNESS  OF 
IRON  OXIDE  FOR  CITY  GAS  PURIFICATION 

I.    Introduction 

1.  Purpose  of  Investigation. — This  bulletin  is  a  report  of  work 
carried  on  under  a  cooperative  agreement  participated  in  by  the  Illinois 
State  Geological  Survey  Division,  the  Engineering  Experiment  Sta- 
tion of  the  University  of  Illinois,  and  the  U.  S.  Bureau  of  Mines. 
The  purpose  of  this  cooperation  is  to  investigate  resources,  mining 
methods,  and  the  application  to  industrial  and  domestic  uses  of  coals 
of  the  central  coal  mining  district. 

The  gas  and  coking  industry  uses  a  large  amount  of  coal,  and 
many  attempts  have  been  made  to  increase  the  application  of  coals  of 
the  central  district  to  the  industry  in  this  region.  The  use  of  central 
district  coals  for  gas  making  presents  many  problems,  of  which  the 
purification  of  the  gas  from  hydrogen  sulphide  derived  from  the  coal 
is  an  important  one. 

The  present  overloaded  condition  of  the  gas-purifying  equipment 
in  many  gas  plants,  brought  about  by  economic  conditions  during  the 
past  few  years,  has  increased  the  interest  attaching  to  gas  purification. 
Purifying  conditions  in  several  plants  have  become  critical  on  account 
of  the  greatly  increased  gas  production  and  the  generally  higher 
sulphur  content  of  the  fuels  used  for  gas  making.  The  financial  con- 
dition of  many  gas  companies  practically  prohibits  the  installation  of 
larger  equipment.  The  only  solution  of  the  problem  for  the  present, 
therefore,  lies  in  the  more  efficient  use  of  existing  equipment.  That 
there  is  much  room  for  improvement  in  this  department  of  gas  manu- 
facture was  shown  in  Bulletin  25  of  the  Cooperative  Mining  Series, 
published  by  the  Illinois  State  Geological  Survey.  In  that  bulletin 
the  purifying  conditions  in  the  medium-size  gas  plants  of  Illinois 
were  discussed  and  certain  improvements  in  operating  methods  were 
suggested,  but  it  was  pointed  out  that  more  information  was  needed 
relative  to  the  properties  of  various  types  of  oxide  of  iron,  which  have 
been  used  during  many  years  for  purifying  gas.  The  purpose  of  the 
present  report  is  to  summarize  the  existing  information  on  this  sub- 
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ject  and  to  discuss  some  experiments  which  have  been  made  recently 
in  the  effort  to  explain  some  of  the  observed  facts  concerning  purifying 
oxides. 

2.  Acknowledgments. — Thanks  are  due  to  several  iron  oxide 
producing  companies  for  supplying  samples  of  material  for  study. 
Among  these  contributors  are  the  H.  C.  Frick  Coke  Company,  the 
Connelly  Iron  Sponge  and  Governor  Company,  the  Iron  Hydroxide 
Company,  the  American  Mineral  Products  and  Color  Company,  the 
Alpha-Lux  Company,  the  Pennsylvania  Salt  Company,  the  Gas  Puri- 
fying Materials  Company,  and  the  Henderson  Lumber  Company. 

C.  H.  Stone  of  the  Rochester  (New  York)  Railway  and  Light 
Company,  Dr.  A.  R.  Powell  of  the  U.  S.  Bureau  of  Mines,  J.  R. 
Campbell  of  the  H.  C.  Frick  Company,  H.  0.  Andrew  of  the  Spring- 
field (Massachusetts)  Gas  Light  Company,  and  Professors  W.  A. 
Noyes  and  E.  W.  Washburn  of  the  University  of  Illinois,  have  given 
valuable  suggestions  relative  to  certain  phases  of  the  work.  Much 
of  the  chemical  analysis  work  was  performed  by  C.  E.  Barnes,  Re- 
search Assistant  in  Gas  Engineering  at  the  University  of  Illinois. 
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II.     The  Purifying  Process 

3.  Chemical  Reactions. — The  purification  of  city  gas,  in  the  re- 
stricted sense  in  which  the  term  "purification"  will  be  used  here,  is 
the  removal  of  hydrogen  sulphide  from  the  gas  before  distribution  to 
the  consumer.  This  has  been  accomplished  for  many  years  by  some 
form  of  iron  oxide. 

Several  primary  and  secondary  reactions  may  take  place  in  the 
gas  purifiers  under  different  conditions  of  operation.  The  following 
equations  probably  represent  fairly  well  the  sulphiding  process : 

2  Fe203  +6H2S=2  Fe2S3  +  6  H20       ...       (1) 
2  Fe203  +  6  H2S  =  4  Fe  S    +6  H20  +  2  S  .       .       (2) 

Some  writers  include  one  or  more  molecules  of  water  in  the  formula  for 
iron  oxide,  assuming,  for  example,  that  the  iron  oxide  is  present  as 
ferric  oxide  monohydrate  (Fe203  H,0).  While  a  certain  amount  of 
water  seems  to  be  necessary  in  order  that  the  ferric  oxide  may  react 
with  hydrogen  sulphide,  the  indications  are,  as  will  be  discussed 
later,  that  an  amount  of  water  corresponding  to  the  monohydrate  is 
not  necessary  to  the  reaction.  It  seems  likely  that  the  water  present 
exerts  a  catalytic  effect,  influencing  the  speed  of  reaction,  rather 
than  actually  entering  into  it. 

If  a  good  purifying  material,  after  sulphiding,  be  exposed  to  the 
air,  the  sulphides  react  with  the  oxygen  of  the  air  and  iron  oxide 
(ferric)  is  regenerated.  This  process  is  usually  termed  revivification 
and  has  a  very  important  bearing  upon  the  usefulness  of  an  oxide 
for  gas  purification.  The  chemical  reactions  occurring  during  the  re- 
vivification process  are  not  thoroughly  understood  but  they  are  usually 
represented  by  the  following  equations : 

2  Fe2S3  +  3  02  =  2  Fe203  +  6  S (3) 

4  Fe  S   +  3  02  =  2  Fo203  +  4  S (4) 

Several  secondary  reactions  may  also  take  place  under  certain  condi- 
tions.    Which  of  the  four  primary  reactions  shown   in   the  above 
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equations  will  occur  in  a  particular  case  is  determined,  doubtless, 
by  the  conditions  prevailing  at  the  particular  time.  Just  what  con- 
ditions affect  these  reactions  has  not  been  determined  for  certain, 
though  temperature,  condition  of  acidity  or  alkalinity,  etc.,  may  be 
factors.  Recent  investigations  by  Weyman  seem  to  indicate  that 
equation  (1)  represents  the  more  favorable  sulphiding  reaction,  since 
the  reaction  of  equation  (3)  probably  goes  more  rapidly  than  that  of 
equation  (4).  None  of  these  reactions  goes  entirely  to  completion 
in  practice.  The  extent  to  which  these  processes  may  be  repeated  and 
the  completeness  during  successive  repetitions  are  most  important 
factors  in  determining  the  value  of  a  material  for  purifying  gas, 
and  vary  greatly  with  different  commercial  materials. 

4.  Method  of  Application. — For  those  who  are  not  familiar  with 
the  purifying  process,  it  may  be  said  that  the  purification  of  gas  is 
accomplished  in  a  series  of  large  receptacles  termed  ' '  boxes, ' '  in  which 
the  iron  oxide,  mixed  with  wood-planer  chips,  ground  corn  cobs,  saw- 
dust, blast-furnace  slag,  or  other  porous  material  is  spread  in  layers 
from  2  to  6  feet  in  thickness  on  wood  grids.  A  purifier  box  may 
contain  one  or  more  layers  of  the  mixture,  usually  two  layers  in 
present  practice.  The  gas  enters  beneath  the  layers  and  passes 
through  them.  Sometimes  the  gas  flow  is  divided,  the  gas  entering 
between  two  layers,  part  of  the  gas  passing  up  through  one  layer 
and  part  down  through  the  other;  or  the  gas  may  enter  below  the 
lower  layer  and  above  the  upper  layer  and  passing  through  the  layers 
find  its  exit  through  a  connection  to  the  box  between  the  layers. 
Usually  in  divided  flow  boxes  the  direction  of  flow  is  reversible.  There 
may  be  only  two  purifier  boxes  in  series,  or  there  may  be  six  or  eight. 
The  oxide  in  the  first  box  usually  does  by  far  the  largest  part  of  the 
purification.  The  hydrogen  sulphide  remaining  in  the  gas  after  it 
passes  through  the  first  box  is  removed  in  gradual  stages  by  the 
subsequent  boxes. 

The  reactions  (3)  and  (4),  called  the  revivifying  reactions,  may 
be  accomplished  either  by  removal  of  the  sulphided  material  from  the 
purifying  boxes  and  exposure  to  the  air,  or  by  introducing  air  into 
the  material  in  place,  either  by  admitting  a  small  percentage  of  air 
to  the  gas,  or  by  forcing  air  through  the  sulphided  material  in  a  puri- 
fier from  which  the  gas  has  been  turned  off. 
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III.     Oxides  for  Gas  Purification 

5.  Sources  of  Oxides. — The  oxides  employed  in  gas-plant  prac- 
tice may  be  divided  into  four  general  classes: 

(1)  Oxides  existing  in  nature  as  ore  deposits. 

(2)  Oxides  produced  from  metallic  iron  by  rusting,  either 
with  or  without  the  use  of  agents  which  accelerate  the  rusting 
process. 

(3)  Precipitated  oxides,  which  are  obtained  directly  from 
solutions  of  iron  salts,  either  as  primary  products  or  as  by- 
products of  some  manufacturing  process. 

(4)  The  oxide  resulting  from  burning  pyrites  for  sul- 
phuric acid  manufacture. 

The  choice  of  material  has  been  governed  in  the  past  chiefly  by 
price  considerations  and  this  is  still  an  important  factor.  Personal 
preference,  caused  by  fortunate  or  unfortunate  experiences  with  par- 
ticular oxides,  also  governs  the  selection  in  some  cases.  There  is 
probably  no  material  used  in  the  gas-making  process  about  which  more 
extravagant  claims  have  been  and  are  made  by  certain  producers  than 
purifying  oxide.  Considering  the  general  lack  of  facilities  for  testing 
oxide  in  the  average  gas-plant,  it  is  little  wonder  that  purifying 
oxides  have  been  purchased  rather  blindly  by  gas  operators,  with  later 
disappointment  when  the  claims  of  the  oxide  companies  were  not 
borne  out,  as  has  frequently  happened.  It  can  be  stated,  from 
operating  experience  as  well  as  from  laboratory  tests,  that  good  oxides 
of  each  type  are  available,  and  the  real  problem  is  the  selection  of 
the  material  best  suited  to  a  particular  case. 

6.  Activitiy  and  Capacity  of  Oxides. — Sufficient  distinction  has 
not  been  made  in  the  past  between  the  rapidity  or  activity  of  oxides 
in  the  absorption  of  hydrogen  sulphide,  and  the  primary  and  ultimate 
capacity  of  these  materials.  The  average  gas  operator  calls  an  oxide 
"active"  when  it  absorbs  a  fair  percentage  of  hydrogen  sulphide, 
indeed,  the  term  "active"  is  often  used  to  indicate  merely  the  ability 
to  absorb  hydrogen  sulphide  without  reference  to  rapidity  or  capacity. 
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The  failure  to  distinguish  between  these  characteristics  is  not  sur- 
prising since  there  are  no  well-defined  standards  of  performance  with 
which  to  compare  the  behavior  of  a  particular  sample. 

Possibly,  in  the  past,  under  average  operating  conditions  no  care- 
ful distinction  was  necessary.  If  a  particular  material  was  capable  of 
absorbing  a  high  percentage  of  hydrogen  sulphide,  the  rapidity  of 
the  absorption  was  of  secondary  consideration.  With  overloaded 
conditions,  however,  the  velocity  of  travel  of  the  gas  through  the 
purifiers  has  increased  greatly.  In  some  cases  more  than  ten  per  cent 
of  the  total  daily  gas  production  is  purified  during  the  hour  of  maxi- 
mum production,  so  that  at  such  times  gas  may  be  passing  through  the 
oxide  mass  at  from  two  to  three  times  the  average  rate.  Chemical 
reactions  require  a  finite  though  frequently  very  brief  time  for  their 
completion,  and  in  gas  purification  the  time  element  becomes  very 
important,  especially  after  a  portion  of  the  purifying  material  has 
become  sulphided.  A  considerable  period  of  contact  may  then  be 
necessary  for  the  complete  removal  of  the  hydrogen  sulphide  by  the 
remaining  active  material. 

While  it  is  believed  that  no  formal  definitions  of  these  character- 
istics of  purifying  oxides  have  been  accepted  by  the  gas  industry, 
the  following  will  be  used  for  the  purposes  of  this  report : 

Primary  Capacity 

The  primary  capacity  of  an  oxide  for  purifying  gas  may  be 
defined  as  the  ratio  of  the  weight  of  hydrogen  sulphide  gas  which  a 
certain  weight  of  the  oxide  decomposes  until  completely  sulphided 
without  any  revivification,  to  the  weight  of  hydrogen  sulphide  which 
theoretically  would  be  decomposed  by  the  same  weight  of  actual 
ferric  oxide  (Fe203).  For  example,  one  gram  of  pure  ferric  oxide 
theoretically  would  combine  with  0.639  gram  of  hydrogen  sulphide; 
therefore,  if  a  gram  of  a  particular  material  during  complete  sulphid- 
ing  absorbs  say  0.30  gram  of  hydrogen  sulphide,  the  primary  capacity 
is,  according  to  the  above  definition,  46.9  per  cent. 

Ultimate  Capacity 

The  ultimate  capacity  of  a  purifying  oxide  may  be  defined  as  the 
ratio  of  the  weight  of  hydrogen  sulphide  which  is  decomposed  by  a 
certain  weight  of  the  oxide,  during  repeated  sulphidings  alternated 
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with  revivifications,  to  the  weight  of  hydrogen  sulphide  which  would 
theoretically  be  decomposed  by  the  same  weight  of  pure  ferric  oxide 
(Fe203)    during  one  complete  sulphiding,   without   revivification. 

In  tests  designed  to  indicate  the  value  of  oxides,  the  ultimate 
capacity  of  the  material  is  seldom  if  ever  determined,  since  it  is 
affected  by  so  many  variable  conditions,  and  would  require  so  long  a 
time  for  absolute  completion,  that  the  results  obtained  would  hardly 
be  worth  while.  It  is  often  customary  to  determine  the  capacity  for 
four,  six,  ten,  or  in  some  cases  even  more  sulphidings,  or  ' '  f oulings. ' ' 
During  the  later  foulings  the  percentage  of  hydrogen  sulphide  ab- 
sorbed is  usually  so  small  as  to  be  negligible.  In  cases  of  actual 
operation,  where  revivification  by  removing  the  sulphided  material 
to  the  open  air  is  practised,  the  labor  of  handling  the  material  out 
of  and  into  the  purifiers  is  considerable  and  costly.  The  careful 
operator  will  not  return  a  batch  of  material  to  the  purifier  after 
revivification  unless  it  gives  promise  of  absorbing  sufficient  hydrogen 
sulphide  during  the  subsequent  fouling  to  make  its  handling  profitable. 
In  practice  it  seldom  pays  to  return  a  batch  to  the  purifiers  more 
than  four  or  five  times,  since  the  tar  and  other  impurities  usually 
present  in  the  gas,  together  with  the  free  sulphur  resulting  from  the 
repeated  revivifications,  usually  render  it  unfit  for  further  use  by  the 
time  it  has  given  that  amount  of  service.  While  a  long  series  of  tests 
may  give  some  indication  of  the  regenerating  powers  of  the  material, 
such  tests  are  of  little  value  in  showing  the  ultimate  capacity  of  the 
material  in  practice.  A  laboratory  test  may  give  an  ultimate  capacity 
of  several  hundred  per  cent,  but  the  actual  capacity  obtainable  in 
practice  under  most  favorable  conditions  will  usually  be  considerably 
less,  probably  not  over  200  per  cent.  While  the  ultimate  capacity 
of  a  material  is  an  uncertain  quantity  and  cannot  be  predicted,  the 
idea  involved  in  such  a  conception  must  be  kept  in  mind  in  the 
evaluation  of  any  material  for  commercial  use. 

Activity 

The  relation  of  activity,  or  rapidity  of  action,  of  an  oxide  to  its 
commercial  value  has  not  been  definitely  determined.  Formulas  for 
the  design  of  gas  purifiers  sometimes  take  this  factor  into  account 
indirectly,  but  none  of  them  include  an  individual  activity  factor, 
because  no  such  factors  for  oxides  have  been  worked  out.  It  is  a  fact 
well  recognized  among  gas  manufacturers  that  gas  of  a  given  hydrogen 
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sulphide  content  can  be  passed  much  more  rapidly  through  some 
oxides  than  through  others,  with  complete  removal  of  the  hydrogen 
sulphide.  This  fact  becomes  all  the  more  important  in  the  operation 
of  the  catch  box,  by  which  term  is  designated  a  purifier  placed  in  a 
fixed  position  (relative  to  sequence  of  operation)  at  the  end  of  a  series 
of  purifiers,  to  remove  the  last  traces  of  hydrogen  sulphide  which  may 
pass  the  other,  changeable-sequence  purifiers.  The  hydrogen  sul- 
phide content  of  the  gas  entering  the  catch  box  is  usually  not  more 
than  10  to  20  grains  per  100  cubic  feet  of  gas,  and,  where  the  preceding 
purifiers  are  so  operated  that  only  this  small  amount  passes  them, 
the  active  life  of  the  catch  box  oxide  is  usually  quite  long.  The  quality 
and  condition  of  the  oxide  in  the  catch  box  have  a  very  important 
effect  on  its  usefulness  for  this  purpose.  It  is  frequently  observed 
that  an  oxide  which  will  remove  90  per  cent  of  the  sulphide  present 
in  gas  containing  say  100  grains  of  hydrogen  sulphide  per  100  cubic 
feet  of  gas,  will  not  completely  purify  gas  containing  only  10  grains  of 
hydrogen  sulphide  per  100  cubic  feet.  According  to  the  law  of  mass 
action,  the  rate  of  a  chemical  reaction  is  in  proportion  to  the  masses  of 
the  active  constituents  present.  Therefore,  the  rapidity  of  the  reaction 
between  an  oxide  and  hydrogen  sulphide  decreases  with  decreasing 
concentration  of  hydrogen  sulphide.  However,  experience  shows  that 
there  are  marked  absolute  differences  in  the  rapidities  of  oxides  which 
must  be  taken  into  consideration  if  their  relative  values  are  to  be 
compared.  It  is  believed  that  no  serious  attempt  has  been  made 
hitherto  to  establish  a  standard  of  comparison  in  respect  to  this 
factor.  A  tentative  test  for  comparing  the  rapidities  of  oxides  is  de- 
scribed later.  The  measure  of  activity  adopted  for  the  purposes 
of  this  report  is  the  weight  of  pure  dry  hydrogen  sulphide  gas  which 
is  decomposed  by  a  given  weight  of  the  material  under  test  in  one 
minute,  per  unit  of  actual  ferric  oxide  present  in  the  same  weight  of 
material,  an  excess  of  hydrogen  sulphide  being  present  throughout 
the  test.  This  measure  of  activity  was  employed  only  for  purposes  of 
comparison  in  laboratory  tests,  chiefly  on  new  materials.  To  what 
extent  it  would  indicate  the  behavior  of  oxides  in  practice  has  not  yet 
been  determined. 
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IV.     The  Testing  of  Oxides 

7.  Chemical  Analysis. — The  value  of  a  material  for  purifying 
gas  might  be  expected  to  be  in  proportion  to  the  amount  of  iron  oxide 
contained  in  the  material.  The  primary  capacity  of  a  material  con- 
taining 60  per  cent  of  ferric  oxide,  other  things  being  equal,  would  be 
greater  than  the  capacity  of  a  material  containing  only  30  per  cent. 
In  the  attempt  to  predict  the  value  of  a  material,  chemical  analysis  to 
determine  ferric  oxide  content  was  formerly  much  employed.  In  the 
analyses  of  rust  oxides,  which  almost  invariably  contain  some  un- 
oxidized  iron,  magnetic  separation  of  the  free  iron,  or  its  solution 
by  ammonium  copper  chloride,  or  a  combination  of  the  two  methods, 
was  first  carried  out.  After  the  treatment  it  was  assumed  that  the 
iron  remaining  in  the  residue  was  in  the  form  of  the  hydrated  oxide 
of  iron  (Fe203  .  H20).  It  was  soon  found,  however,  that  although 
the  analytical  determination  of  hydrated  oxide  of  iron  might  indicate 
to  a  certain  extent  the  relative  value  of  two  rust  oxides,  it  was  of 
little  value  in  comparing  oxides  of  different  types.  Frequently  a 
material  of  comparatively  low  iron  oxide  content  would  give  much 
better  results,  even  on  the  first  fouling,  than  a  material  containing 
twice  as  much  iron  oxide,  and  the  difference  in  behavior  would  fre- 
quently become  more  marked  during  further  use.  It  soon  became 
evident  that  the  only  way  to  predict  the  value  of  a  material  was  to 
actually  sulphide  it  on  a  small  scale. 

8.  Testing  Oxides  with  Pure  Hydrogen  Sulphide. — One  method 
consisted  in  fouling  a  small  weighed  sample,  usually  4  or  5  grams,  with 
pure  dry  hydrogen  sulphide  gas,  the  apparatus  being  so  arranged 
that  the  water  formed  by  the  decomposition  of  the  hydrogen  sulphide 
and  oxide  was  retained  b}'  granulated  calcium  chloride  in  a  tube  which 
could  be  weighed  on  a  chemical  balance.  The  apparatus  devised  by 
A.  F.  Kunberger  of  the  United  Gas  Improvement  Company  of  Phila- 
delphia, is  the  most  convenient  for  this  purpose.  The  arrangement  of 
the  Kunberger  apparatus  is  shown  in  Fig.  1.  Hydrogen  sulphide  gas 
is  generated  in  the  Kipp  gas  generator  A;   by  the  action  of  hydro- 
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chloric  or  dilute  sulphuric  acid  upon  iron  sulphide.  The  rate  of  gas 
production  and  use  is  controlled  by  the  stop-cock  B.  The  gas  is  dried 
by  passing  through  the  U-tube  C,  containing  granulated  fused  calcium 
chloride.  Tube  D  contains  4  or  5  grams  of  the  oxide  to  be  tested,  mixed 
with  2  grams  of  coarse  sawdust.    When  but  one  fouling  of  the  material 
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Fig.  1.     Kunberger  Apparatus  for  Testing  Oxides  for  Gas  Purification 


is  to  be  made,  the  calcium  chloride  for  retaining  the  water  of  decompo- 
sition is  placed  in  the  bulb  of  D,  separated  from  the  oxide  and  held  in 
place  by  loose  wads  of  glass  wool.  When  several  successive  foulings 
of  the  oxide  are  to  be  made,  it  is  better  to  have  the  calcium  chloride  in 
a  separate  tube  following  D.  In  this  case  the  extra  tube  is  weighed 
with  tube  D.  To  make  the  test,  a  weighed  sample  of  the  oxide  is 
mixed  with  the  sawdust  and  put  into  tube  D.  Tube  D  and  the  extra 
tube  (if  one  is  used)  are  then  weighed  together.  Hydrogen  sulphide 
gas  is  passed  slowly  through  the  apparatus  for  one  hour,  after  which 
the  tubes  are  weighed  again.  The  gain  in  weight  is  equal  to  the  weight 
of  hydrogen  sulphide  decomposed.  The  oxide  may  be  revivified  by 
passing  a  current  of  air,  previously  moistened  by  bubbling  through 
water,  through  tube  D.  Eevivification  is  indicated  by  the  change  of 
color  of  the  material  from  the  black  of  iron  sulphide  to  the  reddish- 
brown  of  iron  oxide.  During  revivification  the  extra  calcium  chloride 
tube  is  disconnected.  After  revivification  appears  complete,  another 
fouling  is  made,  the  weight  of  the  tubes  before  and  after  fouling  being 
determined  as  in  the  original  experiment.     The  process  may  be  re- 
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peated  any  desired  number  of  times.  The  test  is  convenient,  com- 
paratively rapid,  and  gives  considerable  information  relative  to  the 
characteristics  of  the  material  under  test. 

9.  Testing  Oxides  with  Unpurified  City  Gas. — Some  gas  chemists 
feel  that  the  fouling  of  oxide  with  pure  hydrogen  sulphide  does  not 
give  results  comparable  with  those  obtained  during  actual  purifying 
operations,  and  prefer  to  use  unpurified  city  gas  to  foul  the  material 
under  test.  The  Purification  Committee  of  the  American  Gas  Asso- 
ciation is  attempting  to  standardize  procedure  for  this  method  of 
testing  but  at  the  present  time  no  such  standardized  procedure  exists. 
The  usual  practice  is  to  place  the  oxide,  mixed  with  soft  wood  shavings 
or  other  carrying  material,  in  a  small  purifier.  This  purifier  may 
contain  only  a  few  quarts  of  the  mixture,  or  it  may  be  large  enough 
to  hold  a  few  bushels.  Unpurified  gas  is  passed  through  the  material 
at  a  rate  usually  from  two  to  four  times  that  common  in  practical 
operation.  The  rate  of  flow  and  volume  passed  are  determined  by  a 
small  gas  meter  following  the  purifier.  It  is  customary  to  compare 
two  oxides,  the  characteristics  of  one  of  which  are  quite  well  known, 
in  two  purifiers,  side  by  side.  The  rates  of  flow  through  the  boxes 
are  kept  equal,  the  gas  being  measured  by  separate  meters.  De- 
terminations of  the  amount  of  hydrogen  sulphide  in  the  gas  issuing 
from  the  purifiers  are  made  at  their  outlets.  In  some  cases  the  test 
for  each  material  is  stopped  when  the  gas  passing  through  that 
material  shows  a  stain  on  lead  acetate  paper  held  in  the  gas  stream 
at  the  outlet  of  the  purifiers.  The  relative  volume  of  gas  passed  up  to 
the  time  a  certain  end  point  is  obtained  is  considered  a  measure  of 
the  usefulness  of  the  material. 

10.  Choice  of  Testing  Method. — The  method  employed  for  testing 
purifying  material  depends  to  a  great  extent  on  the  viewpoint  of  the 
operator  and  the  specific  information  he  wishes  to  obtain.  The  tests 
with  pure  hydrogen  sulphide  are  usually  short,  intensive,  and  com- 
parable, but  not  under  conditions  exactly  similar  to  those  existing  in 
plant  practice.  The  tests  with  city  gas  are  usualty  long,  variable, 
and  not  comparable,  except  in  cases  where  two  or  more  oxides  are 
tested  at  the  same  time  under  one  set  of  conditions;  the  results  ob- 
tained cannot  be  compared  with  the  performances  of  other  materials 
tested  at  other  times  or  under  other  conditions.     The  use  of  city  gas 
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introduces  variables  which  are  difficult  if  not  impossible  to  control 
over  an  extended  series  of  tests;  therefore,  where  the  object  is  to 
compare  the  particular  properties  of  a  number  of  oxides,  the  tests 
with  pure  hydrogen  sulphide  are  much  more  convenient,  and  probably 
quite  reliable. 
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V.     Testing  Method  Employed  in  Present  Investigation 

11.  Information  Desired. — The  object  of  the  present  investigation 
was  the  determination,  if  possible,  of  the  primary  capacities  of  various 
materials  in  terms  which  would  be  directly  comparable,  even  although 
the  actual  results  obtained  could  not  be  exactly  reproduced  in  prac- 
tical operation.  Tests  of  oxides  as  ordinarily  conducted  do  not  really 
give  much  definite  information  as  to  the  relative  activity  of  the  oxides. 
This  characteristic  probably  changes  during  the  useful  life  of  a  given 
material,  and  this  change  of  activity  may  be  affected,  in  practical 
operation,  by  a  number  of  uncontrollable  conditions.  For  the  purpose 
of  the  present  investigation,  therefore,  it  was  felt  that  the  activity 
test  should  be  made  as  short  as  possible  and  under  conditions  which 
could  readily  be  controlled. 

12.  Method  Employed. — The  Kunberger  test  previously  described 
seemed  most  convenient  for  the  purposes  of  the  proposed  study,  but 
with  some  modification.  In  the  Kunberger  test  the  oxide  sample  is 
fouled  for  one  hour,  alternate  foulings  and  revivifications  being  re- 
peated as  often  as  desired.  In  general,  this  method  of  treatment  will 
give  some  idea  of  the  activity  of  a  particular  material.  It  will  show 
whether  the  material  revivifies  quickly  or  slowly,  and  how  complete 
the  foulings  and  revivifications  are ;  but,  since  all  but  the  very  slowest 
materials  foul  almost  completely  in  one  hour,  this  test  does  not  show 
the  comparative  rapidities  of  the  various  materials. 

The  first  step  in  studying  the  activity  of  oxides,  was  to  determine 
how  long  the  fouling  of  materials  actually  continued  when  an  excess 
of  pure  hydrogen  sulphide  gas  was  present  in  contact  with  them. 
Selected  materials  were  fouled  for  10  minutes.  It  was  found  that 
the  amount  of  hydrogen  sulphide  decomposed  in  this  time  wTas  almost 
as  great  as  the  amount  decomposed  in  one  hour.  It  was  then  decided 
to  make  foulings  of  one  minute  duration,  keeping  the  tubes  well 
stoppered  to  prevent  revivification  while  they  were  being  weighed 
between  foulings.  It  was  found  that  differences  in  rapidity,  or 
activity,  which  were  not  detectable  with  longer  fouling  periods  were 
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quite  evident  in  the  results  obtained  with  the  shorter  foulings.  The 
foulings  were  conducted  in  practically  the  same  manner,  the  gas  being 
passed  through  the  material  at  a  rate  sufficient  to  insure  an  excess 
of  hydrogen  sulphide  present  in  contact  with  the  material  at  all  times. 

13.  Oxides  Tested. — The  oxides  tested  were  principally  commer- 
cial purifying  materials  obtained  from  several  different  oxide  produ- 
cers. They  included  oxides  of  all  three  types  previously  mentioned, 
viz.,  precipitated,  natural  ore,  and  rust  oxides.  Table  1  shows  the 
sulphiding  properties  of  the  oxides  tested.  The  oxides  of  the  first 
two  classes  were  mixed  with  sawdust  in  the  ratio  of  4  grams  of  oxide 
to  2  grams  of  sawdust.  Of  the  ready  mixed  rust  oxides,  6  grams  were 
used  for  each  test,  no  shavings  being  needed.  The  rust  oxides  were 
ground  in  a  coffee  mill  before  use,  to  about  the  same  degree  of  fineness 
as  the  sawdust  used  with  the  other  oxides.  Each  mixture  of  oxide  was 
moistened  with  2  cc.  of  water  to  make  the  oxide  adhere  to  the 
sawdust.     Since  it  was  anticipated  that  moisture  might  have  some 


2  3  4  5  6 

M/nufe  of  Su/ph/ef/ng 


8 


Fig.  2.     Decomposition  of  Hydrogen   Sulphide  by  Various  Iron  'Oxides 
during   Successive  Minutes   of   Sulphiding 
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effect  on  the  activities  of  the  materials,  care  was  taken  to  use  the 
same  amount  of  water  in  all  the  samples. 

Fig.  2  shows  the  results  obtained  from  this  test  of  the  various 
oxides.  Oxide  No.  19  is  a  commercial  precipitated  oxide,  obtained  by 
treating  an  iron-bearing  mine  water  with  finely  ground  limestone. 
Oxide  No.  60  is  a  naturally  precipitated  material  formed  when  the  iron 
dissolved  in  certain  waters  is  deposited  by  hydrolysis.  This  particular 
oxide  was  obtained  in  the  laboratory  from  the  action  of  condensed 
steam  on  the  interiors  of  the  iron  pipes  through  which  it  flowed.  The 
oxide  was  present  in  the  water  as  a  flocculent  yellowish-brown  pre- 
cipitate and  was  separated  by  filtration  and  dried  at  room  tempera- 
ture. Oxide  No.  50  is  one  obtained  from  the  decomposition  of  bauxite 
by  fusion  with  alkali  and  subsequent  treatment  of  the  melt  with 
water.  Oxides  Nos.  23  and  24  are  natural-ore  oxides,  while  oxides 
Nos.  30  and  31  are  commercial  iron-borings  oxides. 

As  is  evident  from  the  curves,  the  differences  in  the  activities  of 
the  various  oxides  are  much  greater  during  the  first  minute  of  ex- 
posure to  hydrogen  sulphide  than  during  successive  minutes.  Some 
oxides  decompose  during  the  first  minute  of  contact  with  hydrogen 
sulphide  nearly  all  of  that  gas  that  they  can  decompose  during  one 
fouling,  while  others  act  much  more  slowly.  While  it  has  not  been 
possible  to  check  up  these  relative  activities  on  a  practical  scale,  it 
seems  probable  that  an  oxide  which  is  able  to  decompose  nearly  the 
amount  of  hydrogen  sulphide  corresponding  to  its  ferric  oxide  content 
in  one  minute  would  be  especially  effective  for  use  in  a  catch  box  where 
an  oxide  capable  of  removing  small  amounts  of  hydrogen  sulphide 
is  needed.  One  of  the  more  rapid  of  these  oxides  has  been  used  in 
a  water-gas  plant  having  a  computed  overload  of  about  70  per  cent 
during  the  hour  of  maximum  production,  and  in  that  case,  at  least, 
the  material  demonstrated  its  ability  to  completely  purify  the  gas 
under  conditions  which  overtaxed  oxides  of  other  types  employed. 
The  activity  of  an  oxide  is  of  course  but  one  factor  governing  its 
usefulness,  and  it  is  possible  to  prepare  a  material  which  is  very  rapid 
but  which  has  very  low  capacity. 

Since  the  activity  of  a  material  is  affected  by  the  concentration 
of  hydrogen  sulphide  present  in  the  gas  to  be  purified,  and  since  the 
ability  of  materials  to  rapidly  decompose  traces  of  hydrogen  sulphide 
governs  to  a  great  extent  their  usefulness  in  a  catch  box,  a  study  of 
the  behavior  of  various  materials  under  conditions  simulating  those 
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found  in  practice  would  give  valuable  information  if  carefully  con- 
trolled. Unfortunately,  the  activity  is  affected  by  factors  which  are 
difficult  to  control  over  a  long  test,  and  it  was  therefore  decided  to 
adhere  to  the  short  test  just  described. 

Since  the  various  materials  thus  far  examined  had  shown  such 
marked  differences  in  properties,  it  was  decided,  if  possible,  to  de- 
termine some  of  the  chemical  and  physical  conditions  underlying 
these  differences.  The  first  step  was  a  search  of  the  literature  to 
determine  what  had  already  been  done  by  previous  investigators. 


24  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


VI.     Previous  Work 

Since  the  inception  of  the  use  of  iron  oxide  for  purifying  gas, 
numerous  reports  of  work  carried  on  in  the  investigation  of  various 
phases  of  the  subject  have  appeared.  By  far  the  larger  number  of 
these  contributions  have  had  to  do  with  methods  of  purifying  materials 
in  the  plant,  and  the  disposal  of  spent  oxide.  Comparatively  little 
has  been  written,  so  far  as  a  search  of  the  literature  reveals,  concerning 
the  factors  which  immediately  affect  the  sulphiding  and  revivifying 
reactions,  and  the  physical  and  chemical  principles  upon  which  the 
behavior  of  oxides  depends. 

Fulwiler  and  Kunberger*  carried  on  some  experiments  with 
purifying  oxides  which  seemed  to  go  a  long  way  toward  the  explana- 
tion of  the  peculiarities  of  certain  oxides.  They  tested  a  variety  of 
oxides,  both  commercial  and  laboratory  samples,  and  concluded  that 
the  efficiency  of  oxide  is  dependent  upon  the  state  in  which  it  exists; 
that  the  most  efficient  state  is  that  known  as  the  reversible  hydrogel, 
and  that  it  seems  impossible  to  prepare  such  material  artificially 
without  a  protective  colloid.  Fulwiler  and  Kunberger  give  a  somewhat 
lengthy  discussion  of  colloids,  which  makes  their  conclusion  more 
intelligible  to  the  average  reader  than  it  would  be  otherwise.  The 
terms  which  they  employ  are  rather  difficult  to  define  in  a  few  words. 
The  exact  physical  nature  of  ferric  oxide  in  the  form  of  a  hydrogel 
is  not  known,  but  we  may  assume  that  it  has  ' '  a  spongy  or  honeycomb- 
like structure  and  retains  more  or  less  water. ' '  A  reversible  hydrogel 
is  one  which  can  under  favorable  conditions  go  back  into  an  apparent 
state  of  solution,  while  an  irreversible  hydrogel  does  not.  A  protective 
colloid  is  a  substance  like  gelatine,  glue,  starch,  etc.,  which  under 
certain  conditions  can  go  into  an  apparent  state  of  solution  and  which 
when  present  with  other  reversible  colloids  keeps  them  in  the  re- 
versible state.  Fulwiler  and  Kunberger  made  many  attempts  to 
prepare  ferric  hydroxide  in  the  form  of  a  reversible  hydrogel,  but 
state  that  they  were  not  very  successful;  the  materials  produced  with 
protective  colloid  retained  their  activities  to  hydrogen  sulphide  some- 


*  Proc.  Amer.  Gas  Inst.,  Vol.  8,  pt.   1,  p.  476,   1913. 
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what  better  than  materials  prepared  otherwise,  but  no  commercial 
method  of  preparation  was  evolved.  They  recognized  that  the  activity 
of  iron  oxide  is  a  function  of  the  surface  exposed,  and  that  in  general 
oxides  having  the  largest  specific  volume  are  most  active.  They  were 
inclined  to  the  opinion  that  water  of  hydration  had  no  direct  effect 
on  the  activity  of  oxides,  but  assisted  by  keeping  the  material  in  the 
active  state. 

Geoffrey  Weyman*  holds  to  the  idea  that  ferric  oxide  forms  a 
complete  series  of  hydrated  oxides  stable  within  a  very  narrow  range 
of  temperature  and  vapor  pressure  conditions.  He  attributes  the 
activity  of  ferric  oxide  for  hydrogen  sulphide  absorption  to  its  molec- 
ular state,  and  regards  the  amount  of  water  of  hydration  as  of 
bearing  only  in  that  it  affects  the  internal  arrangement  of  the  molecule. 
Mr.  Weyman  states  that  oxides  attain  their  greatest  activity  when 
dried  for  several  hours  at  about  600  deg.  C.  His  definition  of  activity 
is  the  percentage  of  hydrogen  sulphide  absorbed  per  100  grains  of 
the  ferric  oxide  (Fe203)  present,  divided  by  the  theoretical  amount 
(63.9%)  with  which  ferric  oxide  is  capable  of  combining.  It  should 
be  noted  that  this  conception  of  activity  is  different  from  the  idea  of 
activity  which  has  been  developed  in  this  bulletin.  Mr.  Weyman 
also  made  a  considerable  study  of  the  reactions  taking  place  during 
the  sulphiding  and  revivifying  of  oxides. 


Gas  Journal.   Vol.   150,   p.   256,   May   4,   1920. 
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VII.     Effect  of  Water  Content  on  the  Behavior  of  Oxides 

14.  Hydration  of  Iron  Oxides. — From  the  reports  just  referred 
to  it  seems  evident  that  these  investigators  recognized  that  the  water 
content  of  an  oxide  had  at  least  an  indirect  bearing  upon  its  reaction 
with  hydrogen  sulphide.  Their  absorption  tests  with  various  oxides 
seem  to  have  been  carried  on  for  too  long  a  time  to  distinguish  between 
the  different  rates  of  fouling  of  various  oxides,  since  all  but  the  slowest 
oxides  will  foul  practically  completely  in  one  hour.  Weyman  did 
observe  differences  in  water  carrying  capacities  of  some  oxides  as 
affecting  their  behaviors  with  hydrogen  sulphide,  as  will  be  noted 
later. 

In  practical  purifier  operation  the  effect  of  excessive  or  insufficient 
moisture  in  oxides  is  frequently  observed,  but  just  what  percentage  of 
moisture  is  desirable  in  a  given  material  or  how  to  preserve  the  proper 
percentage  for  best  operation  is  a  difficult  matter  to  decide.  Even  if 
the  proper  amount  of  water  is  present  in  the  material  when  it  is  put 
into  the  purifier,  the  water  deposited  or  taken  away  by  the  gas  is  likely 
soon  to  upset  this  favorable  condition.  Just  what  part  the  water  present 
plays  in  the  action  of  the  oxide  has  long  been  discussed  by  gas  operators 
and  differing  views  are  held. 

It  has  long  been  a  question  for  debate  among  gas  chemists,  and 
indeed  among  chemists  generally,  just  what  form  of  union  exists 
between  iron  oxide  and  water.  It  has  been  generally  recognized  that 
iron  oxides  retain  a  certain  amount  of  water  with  great  tenacity. 
A  sample  of  hydrated  iron  oxide  may  be  heated  to  a  temperature 
several  hundred  degrees  centigrade  above  the  boiling  point  of  water, 
and  after  exposure  to  such  temperature  for  several  hours  it  will  still 
yield  moisture  upon  ignition  at  a  red  heat.  Some  chemists  are  not 
satisfied  that  all  the  water  is  expelled  from  iron  oxide  unless  the 
material  is  ignited  to  constant  weight  with  a  blast  lamp.  Since 
it  is  generally  .assumed  that  all  surface  moisture  is  expelled  from  ma- 
terials upon  exposure  for  a  few  hours  to  a  temperature  slightly  above 
100  deg.  C,  it  is  natural  to  infer  that  water  remaining  after  such 
drying  is  combined  water  rather  than  surface  water;  indeed,  it  is  a 
well  known  fact  that  some  chemical  compounds  lose  a  portion  of  their 
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combined  water  at  temperatures  even  below  100  deg.  C.  The  idea 
has  been  held,  therefore,  by  some,  that  iron  oxide  may  form  a  series 
of  hydrates  of  definite  composition,  each  stable  under  certain  condi- 
tions of  temperature  and  vapor  pressure ;  and  it  has  frequently  been 
conjectured  by  those  who  are  interested  in  the  use  of  oxides  for  gas 
purification  that,  were  it  possible  to  prepare  and  keep  oxides  in  the 
form  of  the  higher  hydrates,  such  forms  of  oxide  would  be  more  active 
agents  for  purifying  gas  than  the  lower  hydrates  or  non-hydrates  to 
which  the  compositions  of  most  commercial  oxides  more  or  less  ap- 
proximately correspond.  The  idea  of  the  existence  in  nature  of  a 
series  of  hydrated  oxides  of  iron  has  been  fostered  by  the  tabulation 
in  various  books  on  mineralogy  of  a  series  of  hydrated  iron  oxides. 
Those  usually  listed,  with  the  chemical  compositions  assigned,  are 
as  follows : 

Name  Formula  Per  Cent 

Water 

Turgite 2  Fe203  •   H20  5.1 

Goethite Fe203  •   H20  10.1 

Hydrogoethite....   3  Fe203  •   4  H20        13.0 

Limonite 2  Fe203  •  3  H20        14.5 

Xanthosiderite. . .  .   Fe203  •  2  H20  18.4 

Limnite Fe203  •  3  H20  25.3 

Of  these,  goethite  alone  has  well  defined  physical  and  chemical 
properties.  The  other  names  in  the  list  have  been  given  because  of 
certain  indefinite  physical  differences,  associated  with  plausible  but 
not  well  established  chemical  formulas. 

In  the  effort  to  establish  the  existence  of  these  compounds,  a 
number  of  investigators  have  attempted  to  prepare  them  synthetically. 
Directions  for  accomplishing  this  are  given  in  some  of  the  older 
reference  books  of  inorganic  chemistry.  The  writer  attempted  the 
preparation  of  these  hydrates  but  found,  just  as  previous  investigators 
had  discovered,  that  while  it  was  possible  to  obtain  materials  ap- 
proximating the  theoretical  compositions  and  physical  properties 
assigned  to  these  hydrates,  it  was  extremely  difficult,  if  not  impossible, 
to  prepare  materials  which  had  the  exact  composition,  and  were  stable 
under  normal  conditions.  Incidentally,  these  attempts  at  the  prepara- 
tion of  various  hydrates  gave  a  variety  of  oxides  of  known  composition 
to  work  with  in  the  attempt  to  correlate  water  content  of  oxides  with 
their  activities  as  hydrogen  sulphide  absorbers. 
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After  much  experimenting  had  been  done,  and  the  literature  of 
the  subject  quite  thoroughly  reviewed,  there  was  found  a  reference 
to  some  work  by  Posnjak  and  Merwin*  of  the  Geophysical  Laboratory 
of  Washington.  From  some  very  careful  work  carried  on  over  a 
period  of  several  months,  these  investigators  concluded  that  no  series 
of  hydrates  of  ferric  oxide  exists  among  the  natural  minerals;  that 
the  existing  hydrate  is  the  monohydrate ;  and  that  no  definitely 
crystallized  synthetic  hydrates  of  ferric  oxide  have  been  prepared  up 
to  the  present  time.  They  feel  certain  that  only  two  distinct  types  of 
"amorphous"  hydrated  ferric  oxide  exist:  one  yellow,  and  the  other 
reddish-brown.  The  yellow  is  apparently  essentially  ferric  oxide 
monohydrate,  while  the  reddish-brown  substance  may  hold  its  water 
in  either  dissolved  or  an  adsorbed  condition,  or  both.  Thus  the 
synthetic  and  natural  hydrated  ferric  oxides  exhibit,  chemically,  great 
similarity. 

While  it  does  not  seem  that  the  gas  engineer  can  look  for  any 
improvement  in  the  activity  of  iron  oxides  by  the  preparation  of 
higher  hj'drates  of  definite  composition,  this  does  not  prove  that  the 
water  held  by  oxides  has  no  effect  on  activity.  It  has  been  observed 
frequently  that  an  oxide  which  has  been  overheated  during  prepara- 
tion or  during  revivification,  and  has  been  thereby  deprived  of 
most  of  its  water  content,  has  its  activity  greatly  impaired,  and  it 
has  been  generally  recognized  that  certain  natural  bog  ores  with  a 
high  water  content  are  particularly  active.  The  idea  that  the  water 
is  in  some  form  of  combination  with  the  iron  oxide  is  quite  natural, 
for  it  has  been  observed  that  oxides  which  have  been  dehydrated  at 
a  high  temperature  rehydrate  very  slowly  if  at  all.  If  the  water  were 
merely  surface  moisture  such  behavior  would  hardly  be  expected. 
Since  the  water  content  of  an  oxide  obviously  plays  a  part,  even  though 
indirectly,  in  determining  the  activity  of  the  oxide  for  decomposing 
hydrogen  sulphide,  it  was  decided  to  study  this  effect. 

15.     Effect  of  Water  Content  of  Various  Oxides  on  their  Relative 
Activities  and  Capacities. 

Determination  of  Water  Content 

The  method  used  in  determining  the  water  content  of  the  oxides 
examined  depended  upon  their  composition  as  determined  by  chemical 


*  American  Journal  of  Science,  Vol.  47,  pp.  311-358,   1919. 
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analysis.  The  impurities  present  in  simple  oxides  prepared  in  the 
laboratory  are  known.  In  such  of  these  materials  as  contained  water 
as  the  only  volatile  constituent,  the  water  content  was  determined  by 
loss  on  ignition.  In  other  oxides,  both  laboratory  and  commercial, 
which  contained  sulphates  which  might  decompose,  the  water  was 
determined  by  the  Rose-Jansch  Method.  A  gram  of  the  oxide  was 
mixed  with  several  times  its  weight  of  a  previously  dried  mixture 
of  litharge  and  lead  peroxide.  The  charge  was  placed  in  a  short  hard 
glass  tube,  together  with  a  layer  of  dried  lead  peroxide  from  which 
it  was  separated  by  a  wad  of  ignited  asbestos.  The  lead  peroxide  layer 
was  kept  hot  by  a  small  bunsen  burner.  The  mixture  of  iron  and 
lead  oxides  was  strongly  heated  with  a  Meker  burner  until  it  melted. 
During  ignition  a  slow  current  of  air,  previously  dried  by  passing 
through  a  U-tube  containing  calcium  chloride,  was  passed  over  the 
charge,  and  the  water  taken  up  from  the  iron  oxide  and  carried  for- 
ward in  the  air  current  was  collected  by  another  calcium  chloride 
tube  which  had  previously  been  weighed.  The  gain  in  weight  of  this 
tube  during  the  ignition  gave  the  weight  of  water  in  the  oxide  sample. 
Some  iron  oxides,  especially  those  commercial  materials  made 
by  rusting  iron  in  contact  with  shavings,  contained  much  woody 
material.  Since  it  was  desired  to  estimate  the  amount  of  water 
present  with  the  oxide  itself  as  distinguished  from  the  water  formed 
by  decomposition  of  the  wood,  the  procedure  with  such  materials  was 
somewhat  different.  The  samples  were  first  dried  at  105  deg.  C.  One 
portion  of  the  sample  was  burned  in  a  tube  furnace  by  a  current  of  dry 
oxygen,  oxidation  of  hydrocarbons  formed  being  accomplished  by  cop- 
per oxide.  Water  and  carbon  dioxide  were  determined  by  absorption  in 
calcium  chloride  and  potassium  hydroxide  in  the  usual  manner. 
Another  portion  of  the  sample  was  treated  with  dilute  hydrochloric 
acid  to  dissolve  the  iron  present  and  the  residue  after  drying  at  105 
deg.  C.  was  burned  in  the  manner  just  described.  The  water  derived 
from  the  wood  could  thus  be  determined,  and  the  carbon  dioxide 
determination  afforded  a  check  on  the  result,  being  approximately 
the  same  in  both  cases  per  unit  of  original  dried  sample. 

Preparation  of  Samples  for  Drying 

The  samples  of  natural  and  precipitated  oxide  were  used  in  the 
same  state  of  division  as  when  received.  The  rust  oxides,  which  were 
received  as  manufactured,  viz.,  precipitated  on  shavings,  were  air 
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dried  and  then  ground  in  a  coffee  mill.     The  ground  material  was 
somewhat  coarser  than  the  natural  oxides. 

Drying  of  Samples 

In  order  to  determine  the  effect  of  the  varying  water  content  in 
these  materials,  under  approximately  comparable  conditions,  10-grain 
samples  were  weighed  out  into  weighing  bottles,  which  were  afterwards 
placed  in  a  large  vacuum  desiccator  over  concentrated  sulphuric  acid. 
The  atmosphere  of  the  desiccator  was  exhausted  to  as  high  a  vacuum 
as  could  be  obtained  with  a  large  filter  pump;  the  vacuum  was  not 
measured.  The  samples  were  left  in  the  desiccator  several  weeks 
with  the  lids  off  the  weighing  bottles.  At  intervals  of  a  few  days  the 
lids  were  replaced,  and  the  samples  were  weighed,  this  procedure  being 
continued  until  a  constant  weight  was  attained  for  each  sample.  It 
was  thought  that  possibly  by  this  method  of  drying  the  surface  water 
could  be  got  rid  of  without  expelling  some  of  the  more  essential 
water  which  would  be  removed  presumably  at  a  higher  temperature. 

Activity  and  Capacity  of  Dried  Samples 

The  dried  samples  were  analysed  for  moisture  and  iron  content, 
and  tested  as  to  their  activity  and  primary  capacity  for  decomposing 
hydrogen  sulphide.  Table  2  shows  the  results  obtained.  From  this 
table  it  will  be  observed  that  different  oxides  have  widely  different 
water  contents  when  dried  under  the  same  conditions.  An  attempt 
has  been  made  in  Fig.  3  to  plot  the  activity  and  capacity  of  the 
various  materials  in  relation  to  their  water  content. 

In  order  to  use  the  same  system  of  ordinates  throughout,  the 
capacities  have  been  expressed  in  percentages  of  hydrogen  sulphide 
decomposed  per  unit  of  ferric  oxide.  This  might  be  termed  "unit 
capacity."  The  relative  capacities  of  various  oxides  would  of  course 
depend  upon  their  iron  oxide  contents  as  well  as  their  unit  capacities. 
To  obtain  the  capacity  of  an  oxide  for  purposes  of  comparison  it  would 
be  necessary  to  multiply  the  unit  capacity  by  the  percentage  of  ferric 
oxide  present. 

It  will  be  observed  that  while  in  general  there  appears  to  be 
some  relation  between  water  content  and  activity,  there  are  a  number 
of  points  which  fall  far  from  the  curve.  As  for  capacity,  the  water 
content  apparently  has  little  effect  on  this  property,  except  that  the 
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Activities  and  Capacities  of  Various  Oxides  after  Drying  to 
Constant  Weight 


Note — Points  marked  "A"  denote  activity  in  percentage  of  hydrogen  sulphide  de- 
composed per  minute  per  unit  of  ferric  oxide;  points  marked  "C"  denote  capacity  of  oxide 
for  decomposing  hydrogen  sulphide  during  one  fouling,  in  percentage  of  hydrogen  sulphide 
per  unit  of  ferric  oxide,  no  oxygen  being  present  in  the  gas. 

rate  of  the  reaction  is  so  greatly  retarded  in  some  cases  that  for 
practical  purposes  the  capacity  is  decreased.  The  probable  reason 
for  certain  observed  discrepancies  will  be  discussed  later  in  this  paper. 

16.  Effect  of  Varying  Water  Content  on  the  Behavior  of  Different 
Oxides. — Since  there  appear  to  be  marked  differences  in  the  physical 
structures  of  oxides,  it  was  thought  that  the  effect  of  water  content 
could  be  determined  best  by  varying  the  water  content  of  individual 
oxides  and  determining  the  effect  upon  their  activities. 

The  water  content,  activity,  and  capacity  per  unit  of  ferric  oxide 
of  each  material  in  the  condition  as  received  or  prepared  were  first 
determined.     A  sample  of  several  grams  was  then  partially  dried 
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Table  2. 

Water  Content  and  Sulphiding  Properties  of  Various  Oxides  After 
Drying  to  Constant  Weight. 


No. 

Kind 

Water 

Content 

of 

Oxide 

as 

Received 

Water 

Content 

of 

Dried 

Oxide 

Fe203 

Content 

of 

Dried 

Oxide 

Ratio 
H20: 
Fe203 

H2S  ' 
Decom- 
posed in 
1  Min. 
per  Unit  of 
Fe203 

H2S 
Decom- 
posed in 
1  Hour 
per  Unit  of 
Fe203 

19 

Precipitated  commercial 

Per  Cent 
34.0 

Per  Cent 
25.4 

Per  Cent 
35.3 

Per  Cent 
72.0 

Per  Cent 
55.0 

Per  Cent 
60.0 

21 

Natural  ore 

13.4 

12.7 

40.0 

31.8 

50.0 

63.9 

24 

Natural  ore 

21.3 

19.8 

64.0 

31.0 

39.0 

61.6 

30 

Rust  commercial 

24.0 

20.8 

64.0 

22.5 

15.0 

22.6 

40 

Precipitated  laboratory 

10.0 

9.6 

91.4 

10.5 

18.4 

40.5 

50 

Precipitated  commercial 

14.8 

14.1 

36.1 

39.0 

47.2 

60.3 

58 

Precipitated  laboratory 

6.8 

6.8 

92.2 

7.3 

22.0 

53.6 

and  the  water  content,  activity,  and  capacity  of  the  dried  material 
determined.  A  portion  of  the  material  was  set  aside  in  a  glass  stop- 
pered bottle  and  the  remaining  portion  dried  further,  after  which 
the  same  determinations  were  made.  This  process  was  repeated  until 
a  series  of  perhaps  five  or  six  sets  of  values  had  been  obtained.  The 
last  drying  was  usually  accomplished  by  heating  the  oxide  in  a  drying 
oven  for  several  hours  at  105  deg.  C.  A  few  samples  were  heated 
to  a  higher  temperature.  The  ratio  of  water  content  to  ferric  oxide 
content  was  computed  in  each  case.  The  hydrogen  sulphide  decom- 
position per  minute  and  per  hour  per  unit  of  ferric  oxide  were  cal- 
culated and  the  results  plotted  as  shown  in  Fig.  4.  The  oxides 
examined  included  several  of  those  previously  tested,  as  shown  in 
Fig.  1,  and  some  other  materials  subsequently  prepared  or  received. 
Upon  inspection  of  Fig.  4,  it  will  be  observed  that  each  material 
has  a  particular  water  content  or  range  of  water  content  at  which  the 
activity  of  the  material  is  at  a  maximum.  In  some  cases  the  maximum 
is  very  definite,  as  in  the  case  of  oxide  No.  58.  In  other  samples,  as 
No.  54,  the  maximum  is  very  indefinite,  extending  over  a  considerable 
range.  The  great  difference  in  the  slopes,  maximum  points,  and  shapes 
of  the  various  curves  in  Fig.  4  indicates  that  there  are  marked  differ- 
ences  in   the   physical   conditions   of   the   various   materials,   which 
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greatly  affect  the  influence  of  water  content  on  their  activities  in 
decomposing  hydrogen  sulphide.  Some  of  these  physical  differences  are 
apparent  upon  inspection  of  the  materials.  In  general,  the  more  active 
materials  are  of  lower  specific  gravity,  are  more  porous  in  appearance, 
and  are  usually  of  lighter  color  than  the  less  active  materials.  While 
color  is  probably  but  incidental  to  the  state  of  division,  it  seems  to 
be  roughly  indicative  of  the  activity.  The  very  active  materials  are 
usually  yellow  in  color  when  in  the  condition  as  received  or  prepared. 
Upon  heating  the  materials  the  color  deepens,  passes  usually  through 
an  orange  or  brown  shade,  then  through  brick  red,  and  finally,  upon 
ignition  over  a  Meker  burner,  generally  becomes  a  deep  red  or  black. 
The  less  active  materials  vary  in  color  all  the  way  from  reddish 
brown  to  brick  red,  and  upon  heating  the  color  becomes  darker.  In 
the  report  of  Posnjak  and  Merwin,  previously  mentioned,  it  is 
stated  that  iron  oxide  monohydrate  with  or  without  adsorbed  water 
is  usually  of  yellowish  or  brownish  color,  whereas  the  non-hydrate  is 
red;  and  that  the  so-called  amorphous  prepared  oxides,  while  ap- 
parently having  no  definite  water  content,  exhibit  properties  similar 
in  this  respect  to  those  of  the  natural  materials.  This  being  true,  the 
natural  inference  is  that  the  more  active  oxides  contain  either  the 
monohydrate  iron  oxide  or  the  amorphous  forms  of  oxide  correspond- 
ing to  it,  whereas  the  less  active  materials  contain  non-hydrate.  In 
this  connection,  the  definition  of  activity  as  used  in  this  bulletin 
should  be  borne  in  mind,  since  almost  all  of  these  materials  are  able 
to  absorb  nearly  the  theoretical  amount  of  hydrogen  sulphide,  granted 
that  sufficient  time  is  allowed. 

It  is  evident  from  the  curves  of  Fig.  4  that  the  materials  have 
widely  different  capacities  for  water  with  respect  to  the  maintenance 
of  high  activity.  The  reason  for  this  seems  to  be  found  in  their  physi- 
cal state.  The  opinion  is  held  that  more  active  materials  generally 
have  a  greater  capacity  for  water  on  account  of  the  enormous  surface 
of  material  exposed.  If  water  be  added  to  these  materials,  it  is  dis- 
tributed over  so  large  an  area  that  within  certain  limits  it  has  small 
effect  in  excluding  the  hydrogen  sulphide  gas.  Indeed,  in  some  cases, 
the  mere  addition  of  water  to  the  oxide  increases  its  activity,  possibly 
by  catalytic  effect,  making  portions  of  the  surface  damp  which  would 
otherwise  be  too  dry  to  react  quickly.  In  the  case  of  the  less  active 
oxides  the  surface  exposed  seems  to  be  smaller.  The  addition  of 
water  to  such  oxides,  except  within  rather  narrow  limits,  causes  the 


USEFULNESS    OF    IRON    OXIDE    FOR    CITY    GAS    PURIFICATION  35 

pores  of  the  material  to  be  filled  up  so  that  they  become  water-logged, 
so  to  speak,  and  the  rapid  reaction  of  hydrogen  sulphide  with  the 
surface  of  the  material  is  prevented. 

The  decrease  of  activity  experienced  when  an  oxide  is  dried  so 
that  it  contains  less  than  the  most  favorable  amount  of  water,  seems 
to  be  caused  by  contraction  of  the  surface.  By  this  contraction, 
apparently,  the  pores  of  the  material  are  closed  up  to  a  certain  extent, 
and  the  result  is  that  the  hydrogen  sulphide  has  a  smaller  area  with 
which  to  react.  Given  sufficient  time,  the  hydrogen  sulphide  seems 
to  be  able  to  penetrate  through  the  outer  surface  of  the  oxide  and  react 
with  the  inner  portion  of  the  material,  but  activity,  apparently,  is 
directly  dependent  on  the  surface  exposed,  and  thus  the  very  rapid 
oxides  are  those  which  have  a  large  surface  in  proportion  to  their 
weight. 

In  Fig.  4,  curve  No.  30,  which  was  obtained  from  a  commercial 
rust  oxide,  appears  to  indicate  an  exception  to  the  rule  just  stated. 
The  material,  however,  contained  much  unrusted  iron,  and  therefore, 
since  the  hydrogen  sulphide  decomposition  is  based  "upon  the  total  iron 
content  expressed  as  iron  oxide,  the  position  of  the  curve  is  lower  than  it 
would  otherwise  be.  Moreover,  in  oxides  containing  much  free  iron  it 
is  very  difficult  to  get  a  representative  small  sample,  on  account  of 
the  high  specific  gravity  of  the  iron,  and  it  is  quite  possible  that  this 
helps  to  account  for  the  low  position  of  the  curve.  Curve  No.  60, 
which  was  obtained  from  tests  of  a  rust  oxide  produced  under  con- 
ditions which  gave  complete  oxidation  of  the  iron,  lies  much  higher, 
indicating  that  rust  oxides  may  be  quite  active  if  produced  under 
favorable  conditions. 

17.  Function  of  Water  Present.— As,  has  been  pointed  out  pre- 
viously, it  is  very  doubtful  whether  iron  oxide  forms  a  series  of 
definite  hydrates;  but  the  relation  between  the  iron  oxide  and  the 
water  seems  in  many  cases  to  be  of  a  much  more  intimate  nature 
than  would  be  expected  if  the  water  were  merely  surface  moisture. 
Probably  the  phenomenon  of  adsorption  (not  absorption)  is  effective 
in  such  cases.  By  adsorption  is  usually  understood  the  concentration 
of  liquids  or  gases  upon  the  surface  of  a  solid  material.  This  phenom- 
enon is  especially  marked  when  the  surface  is  very  large  in  proportion 
to  the  volume.  Hydrogen  sulphide  is  in  a  measure  soluble  in  water; 
and  it  is  possible  that  adsorption  increases  the  concentration  of  the 
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solution  of  hydrogen  sulphide  in  water  upon  the  surface  of  the  iron 
oxide,  resulting  in  an  increase  in  the  rate  of  the  reaction  between  the 
hydrogen  sulphide  and  the  iron  oxide.  In  this  sense  the  water  may 
be  regarded  as  a  primary  solvent  of  hydrogen  sulphide.  Another 
view  of  the  function  of  the  water  is  that  it  acts  as  a  catalyzer,  directly 
promoting  the  reaction  between  the  hydrogen  sulphide  and  the  iron 
oxide. 

18.  Rehydration  of  Oxides. — Since  the  drying  of  oxides  to  a  water 
content  below  a  certain  favorable  amount  results  in  a  decrease  of 
activity,  it  is  desirable  to  learn  what  effect  re-moistening  would  have 
on  this  property.  To  determine  this,  a  sample  of  oxide  was  dried  in 
stages,  and  the  activity  and  moisture  content  were  determined  at  each 
stage.  The  lowest  moisture  content  was  reached  by  drying  the  oxide 
for  two  or  three  hours  at  about  400  deg.  P.  Equal  weights  of  the 
driest  material  were  then  moistened  with  different  amounts  of  distilled 
water  and  the  activity  and  the  water  content  of  each  portion  were  de- 
termined.   The  results  are  shown  in  Fig.  5. 

As  was  anticipated,  the  activity  values  of  the  moistened  samples 
did  not  follow  the  curve  drawn  through  the  values  obtained  during 
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the  drying  process.  Curve  A  was  obtained  from  tests  of  the  dried 
samples,  Curve  B  from  the  remoistened  samples  tested  within  a  few 
hours  after  preparation,  and  Curve  C  from  the  moistened  samples 
tested  three  days  later.  Except  during  the  brief  time  necessary  for 
removing  material  for  tests,  the  samples  were  kept  in  glass  stoppered 
weighing  bottles. 

From  Fig.  5  it  will  be  observed  that  the  curves  for  the  remoistened 
materials  are  lower  than  those  for  the  dried  material;  but  that 
Curve  C,  obtained  after  the  moistened  samples  had  stood  for  three 
days,  is  higher  than  Curve  B.  From  this  it  appears  that  after  three 
days  the  moisture  had,  to  a  considerable  extent,  assumed  its  former 
relation  to  the  iron  oxide.  Apparently  considerable  readsorption  had 
taken  place,  whereas  the  samples  immediately  after  moistening  con- 
tained the  water  in  a  less  intimate  relation  with  the  iron  oxide.  It  is 
also  interesting  to  note  that  the  recovery  of  activity  in  the  case  of 
the  more  moist  samples  was  more  rapid  than  in  the  case  of  the  sam- 
ples of  smaller  water  content. 

The  driest  sample  used  in  obtaining  the  curves  of  Fig.  5  was 
prepared  by  heating  the  oxide  a  few  hours  at  400  deg.  F.  (205 
deg.  C).  Since  Posnjak  and  Merwin  have  shown  that  the  decomposi- 
tion of  ferric  oxide  monohydrate  is  very  slow  at  temperatures  near 
the  decomposition  temperature  (about  200  deg.  C),  it  is  unlikely  that 
the  decomposition  of  this  sample  was  anywhere  near  complete.  Since 
it  was  desired  to  compare  the  relative  activities  of  hydrates  and  non- 
hydrates,  the  experiment  was  repeated,  using  a  natural  hydrated  oxide 
of  iron,  and  carrying  on  the  final  dehydration  for  several  hours  at  400 
deg.  C.  It  was  assumed  that  at  this  higher  temperature  the  decomposi- 
tion would  proceed  more  rapidly  and  be  complete  within  a  few  hours. 
The  sample  to  be  decomposed  was  heated  several  hours  at  this  tem- 
perature in  a  glass  tube  contained  in  an  electrically  heated  furnace. 
A  current  of  dried  air  was  passed  over  the  sample  during  the  heating. 
The  temperature  was  measured  by  a  high-reading  nitrogen-filled 
thermometer,  the  bulb  of  which  was  in  the  center  of  the  oxide  mass. 
The  weight  of  oxide  dehydrated  was  only  about  10  grams,  so  there 
was  little  possibility  of  great  differences  in  temperature  throughout 
the  mass.  The  decomposition  of  the  oxide  was  indicated  by  the  color 
change  from  yellowish  brown  to  deep  red.  After  this  treatment,  the 
water  content  and  the  hydrogen  sulphide  decomposition  activity  of 
the  oxide,    designated  B,  were  determined.    The  same  determinations 
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had  been  made  meanwhile  on  the  undried  sample,  designated  A.  To 
obtain  information  on  intermediate  states,  and  to  study  the  rehydra- 
tion of  the  decomposed  oxide,  samples  of  the  original  oxide  were 
reduced  to  varying  degrees  of  dryness,  and  samples  of  the  dehydrated 
material  were  moistened.  After  some  hours  the  water  content  and 
activity  of  each  of  the  various  materials  were  determined. 

If  some  irregularities,  probably  due  to  experimental  error,  be 
allowed  for,  the  outstanding  difference  between  the  results  of  this 
experiment  and  those  shown  in  Fig.  5  is  that,  apparently,  the  mono- 
hydrate  of  ferric  oxide  having  been  decomposed,  does  not  reform; 
or  at  least,  if  the  oxide  does  eventually  rehydrate  in  the  presence 
of  water,  this  rehydration  takes  place  so  slowly  that  is  was  not  ap- 
preciable during  the  experiment.  The  activity  of  the  original  oxide 
decreased  rapidly  upon  drying,  the  activity  of  the  hydrate  was  dis- 
tinctly greater  than  that  of  the  non-hydrate,  and  the  latter  did  not 
regain  its  activity  appreciably  after  being  re-moistened.  The  natural 
conclusion  is,  therefore,  that  activity  due  to  the  presence  of  adsorbed 
moisture,  if  lost  by  drying,  can  be  gradually  restored  in  the  presence 
of  water  which  can  be  readsorbed  by  the  oxide,  but  that  activity 
possessed  by  the  hydrate  due  to  combined  water  is  regained  very 
slowly  if  at  all,  after  the  decomposition  of  the  hydrate,  by  drying  at 
a  high  temperature  if  the  resulting  non-hydrate  is  moistened. 

The  amounts  of  hydrogen  sulphide  decomposed  in  one  hour  by 
the  various  samples  were  also  determined.  It  was  observed  that  while 
there  was  a  considerable  difference  between  the  amounts  decomposed 
by  the  hydrate  and  the  non-hydrate,  probably  due  to  the  great 
difference  in  rapidity  of  hydrogen  sulphide  decomposition,  the  inter- 
mediate samples  showed  no  consistent  variation  in  this  respect,  and 
that,  therefore,  the  capacity  differences  shown  may  be  largely 
accidental. 

19.  Effect  of  Sulphiding  and  Revivifying  on  the  Water  Content 
of  Oxides. — The  question  has  often  been  raised  as  to  what  effect  sul- 
phiding and  subsequent  revivification  has  on  the  water  content  of 
oxides.  Some  have  maintained  that  the  regenerated  oxide  does  not 
hydrate,  though  the  chemical  equations  given  as  representing  the 
reactions  taking  place  sometimes  assume  the  rehydration  of  the  oxide. 
An  experiment  was  carried  out  to  determine  if  possible  the  facts 
in  the  case.    A  yellow  hydrated  natural-ore  oxide  was  dried  several 
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hours  at  400  deg.  C.  The  color  of  the  oxide  changed  from  yellow 
brown  to  deep  red.  A  one  gram  sample  of  the  original  material  and 
a  one  gram  sample  of  the  partially  dehydrated  material  resulting  from 
the  drying  at  400  deg.  C.  were  placed  in  an  oven  at  105  deg.  C.  for 
several  hours  to  expel  any  surface  moisture  that  might  be  present. 
The  water  contents  of  both  materials  were  then  determined  by  fusion 
with  lead  oxides  and  collection  of  the  water  liberated  in  a  weighed 
calcium  chloride  tube,  as  previously  described.  Both  materials  were  then 
moistened  slightly  and  sulphided  with  hydrogen  sulphide,  care  being 
taken  not  to  allow  the  temperature  to  become  excessive.  The  sulphides 
produced  were  further  moistened  slightly  and  allowed  to  stand  several 
hours  in  the  air.  Both  samples  revivified  and  practically  resumed  their 
original  colors,  the  material  which  had  been  a  hydrated  oxide  regaining 
its  yellow  brown,  and  the  other  sample,  which  was  apparently  a  non- 
hydrate,  its  original  deep  red.  The  materials  were  afterward  dried 
several  hours  in  an  oven  at  105  deg.  C,  and  the  water  content  of  each 
was  then  determined ;  following  are  the  results  obtained : 

Hydrate  Non-Hydrate 
Per  Cent     Per  Cent 

FezOa  content 66.8  90.1 

H20  content  before  fouling 18.02  6.24 

H20  content  after  fouling  and  revivifying 12.35  5.82 

Ratio  H20  :  Fe203  before  fouling 27.0  6.9 

Ratio  H20  :  Fe203  after  fouling  and  revivifying.  18.5  6.4 

Since  the  ratio  of  water  to  ferric  oxide  in  monohydrated  oxide 
of  iron  is  11.25  per  cent,  it  is  evident  that  sufficient  moisture  remained 
in  the  material  in  the  first  case  to  form  the  hydrate.  The  fact  that 
the  material  resumed  its  former  appearance  would  also  indicate  the 
probability  that  rehydration  took  place.  This  is  somewhat  at  variance 
with  the  conclusions  of  Weyman.*  The  non-hydrate  on  the  other 
hand  did  not  hydrate  during  revivification,  although  plenty  of  water 
was  undoubtedly  present  to  enable  it  to  do  so.  Both  samples  showed 
smaller  water  contents  after  revivification  than  before,  but  this  may 
have  been  a  difference  in  the  adsorbed  moisture.  It  seems  possible  that 
successive  sulphidings  and  revivifications  may  result  in  a  gradual 
contraction  of  the  materials,  resulting  in  a  smaller  surface  and  conse- 
quently decreasing  the  power  of  adsorption.  This  contraction  might  be 
expected  to  have  an  effect  on  the  activity  of  the  material  which  would 
correspond  with  the  observed  behavior. 

*  Gas  Journal,   Vol.   15,  p.   256,  May    4,    1920. 
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VIII.     Activity  and  Capacity  of  Oxides  after  Revivification 

The  activity  results  thus  far  discussed  have  been  obtained  from 
tests  on  fresh  materials.  The  value  of  an  oxide  for  gas  purification 
is  determined,  however,  not  only  by  its  activity  and  capacity  when 
new,  but  by  the  degree  to  which  it  retains  these  properties  after 
having  been  in  use  for  some  time.  The  operating  practice  in  gas  plants 
is  to  sulphide  and  revivify  the  oxide  alternately.  Even  in  cases  where 
a  small  percentage  of  air  is  continually  pumped  into  the  gas,  it 
is  unlikely  that  sulphiding  and  revivification  are  going  on  simul- 
taneously in  any  given  part  of  the  material.  As  seen  from  equations 
(3)  and  (4)  previously  given,  free  sulphur  is  one  of  the  products 
of  the  reaction,  and  accumulating  as  it  does  in  the  mass  of  oxide,  it 
tends  eventually  to  coat  the  active  oxide  and  retard  its  activity. 
The  activity  and  capacity  of  various  oxides  after  the  first  sulphiding 
and  revivification  vary  as  greatly  as  before  the  first  sulphiding.  Some 
materials  actually  decompose  more  hydrogen  sulphide  on  the  second 
than  on  the  first  sulphiding,  and  may  continue  for  several  successive 
foulings  to  decompose  amounts  which  vary  but  little  from  that  de- 
composed on  the  first  occasion.  Other  oxides  fall  off  in  capacity  very 
rapidly  after  being  used  once.  Indeed,  it  is  not  unusual  to  find  oxides 
which  are  almost  worthless  after  one  fouling.  In  such  cases,  the 
perplexing  question  is,  of  course,  whether  the  material  itself  is  inferior, 
or  whether  the  method  of  handling  is  responsible  for  the  failure. 

In  order  to  determine  the  effect  of  sulphiding  and  revivification 
upon  the  activity  of  oxides,  successive  tests  were  made  on  three  oxides 
of  different  types.  Oxide  No.  19  was  a  commercial  precipitated  ma- 
terial, No.  24  was  a  natural-ore  oxide  and  No.  31  was  a  commercial 
rusted-borings  oxide.  Each  oxide  was  first  dried  at  105  deg.  C.  for 
about  two  hours.  The  amounts  of  hydrogen  sulphide  decomposed  by 
each  oxide  in  one  minute  and  in  one  hour  were  determined.  The 
samples  were  next  revivified  by  passing  through  them  slowly  for  24 
hours  air  which  had  been  moistened  by  bubbling  through  water,  and 
were  dried  again  by  passing  over  them  a  current  of  dried  air  while  they 
were  kept  at  105  deg.  C.  The  sulphidings  were  than  repeated.  The  re- 
sults obtained  from  four  successive  tests  of  each  material  are  shown  in 
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Fig.  6.  Owing  to  the  fact  that  all  samples  were  dried  at  105  deg.  C,  in 
order  to  have  a  common  basis  for  comparison,  all  the  activities  recorded 
are  lower  than  would  have  been  the  case  had  it  been  practicable  to 
compare  the  materials  in  a  more  hydrated  condition.  As  might  be 
expected  the  activities  of  all  the  oxides  decreased  with  successive 
foulings  under  the  same  conditions  of  drying.  In  general  the  capacities 
per  fouling  also  decreased. 

These  changes  in  the  oxides  seem  to  be  due  partly  to  the  gradually 
accumulating  content  of  free  sulphur,  which  coats  the  surface,  and 
thereby  partially  excludes  the  hydrogen  sulphide,  and  partly  to  the 
increasing  incompleteness  of  the  revivifications.    Failure  of  the  oxide 


Fig.  6. 


4th 
Fou/ 

Activities  and  Capacities  op  Three  Typical  Oxides  during  Four 
Successive  Foulings 


Note — Curves  marked  "A"  denote  activity  in  percentages  of  hydrogen  sulphide  de- 
;omposed  per  minute  per  unit  of  ferric  oxide;  curves  marked  "C"  denote  capacity  in  per- 
centages of  hydrogen  sulphide  decomposed  per  unit  of  ferric  oxide  during  one  complete 
fouling. 
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to  completely  revivify  might  be  due  to  two  causes:  (1)  inability  of 
the  oxygen  of  the  air  to  gain  access  to  the  iron  sulphide  on  account 
of  the  free  sulphur;  and  (2)  the  formation  of  sulphides  which  do  not 
readily  revivify.  It  is  probable  that  both  these  conditions  are  re- 
sponsible for  the  deterioration  of  oxide  in  laboratory  tests,  whereas 
in  plant  operation  the  presence  of  tar  vapors  and  cyanides  in  coal 
gas  further  tends  to  the  coating  of  the  active  material  and  the  forma- 
tion of  inert  compounds,  thus  hastening  the  deterioration  of  oxide. 
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IX.     Effects  of  Conditions  of  Preparation  on  Activity  of  Oxides 

It  is  evident  from  the  results  given  that  there  are  many  different 
degrees  of  activity  found  in  oxides.  It  is  also  evident  that  water 
content  alone  is  not  responsible  for  the  differences  in  behavior  shown 
by  various  commercial  and  prepared  materials.  It  seems  apparent 
that  it  is  mainly  the  physical  and  chemical  structure  of  an  oxide 
that  determines  its  activity;  but  that,  the  structure  being  once  deter- 
mined, water  content  does  have  a  bearing  on  the  behavior  of  the  material. 
In  the  case  of  natural-ore  oxides  we  must  take  the  materials  as  they 
exist.  The  oxides  may  be  put  into  a  somewhat  finer  state  of  division 
by  grinding,  their  surface  and  activity  being  somewhat  increased 
thereby;  but  the  activity  seems  to  depend  chiefly  upon  the  structure 
of  the  material  which  can  not  be  readily  altered  by  any  means  at  our 
disposal. 

In  the  case  of  precipitated  materials,  whether  formed  by  the 
precipitation  of  ferric  hydroxide  from  solutions  of  iron  salts,  or  by 
the  rusting  of  metallic  iron,  which  is  essentially  solution  and  sub- 
sequent precipitation,  we  have  more  control  over  the  character  of 
the  product  formed.  Just  why  certain  methods  of  precipitation 
result  in  precipitates  of  a  certain  character  may  not  be  easy  to  explain, 
but  the  efforts  to  make  in  the  laboratory  oxides  of  different  degrees 
of  water  when  dried  at  100  deg.  C,  and  pulverizes  very  readily  to  a  fine 
which  had  widely  differing  characteristics  and  which  had  been  pro- 
duced under  known  conditions.  Comparing  the  behaviors  of  these 
materials  with  the  behaviors  of  typical  commercial  products,  we  may 
draw  some  conclusions  as  to  how  the  latter  were  formed. 

The  characteristics  of  practically  all  of  the  commercial  oxides 
examined  lie  between  those  possessed  by  two  types  of  precipitated 
oxides.  One  of  these  types  is  represented  by  the  material  produced 
when  a  concentrated  solution  of  a  ferric  salt  is  precipitated  either  hot 
or  cold  by  ammonium  hydroxide,  and  the  reddish-brown  precipitate, 
after  washing,  is  boiled  with  water  about  100  hours.  The  resulting 
oxide  is  brick-red  in  color,  retains  only  about  three  to  six  per  cent 
of  water  when  dried  at  100  deg.  C,  and  pulverizes  very  readily  to  a  fine 
powder.    This  oxide  is  nearly  pure  ferric  oxide  and  has  a  large  primary 
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capacity  for  decomposing  hydrogen  sulphide.     It  is  very  slow  to  get 
into  action  as  is  shown  by  curve  No.  58,  Fig.  4. 

A  precipitate  similarly  obtained,  but  dried  in  the  air  without  the 
long  boiling,  shrinks  and  cracks  and  finally,  when  dried  in  air  at 
105  deg.  C,  is  a  hard  horn-like  substance  almost  black  in  color.  This 
precipitate  usually  contains  about  18  per  cent  of  water  and  pulverizes 
with  considerable  difficulty  to  a  gritty  reddish-brown  powder,  which 
reacts  but  slowly  with  hydrogen  sulphide,  decomposing  only  about  16 
per  cent  per  unit  of  ferric  oxide. 

As  an  example  of  the  other  type,  if  a  concentrated  solution  of 
ferric  or  ferrous  sulphate  be  precipitated  with  finely  ground  calcium 
carbonate,  a  light  yellow  or  yellowish-brown  precipitate  forms  which, 
when  dried  in  air,  pulverizes  readily  to  a  yellowish  powder, 
which  may  contain  about  28  per  cent  of  water.  This  precipitate 
reacts  with  hydrogen  sulphide  very  rapidly.  (See  curve  No.  51,  Fig. 
4.)  A  similar  precipitate  with  a  larger  iron  content  is  obtained  when 
a  dilute  solution  of  a  ferrous  salt  is  allowed  to  oxidize  in  air.  By 
hydrolysis  and  oxidation  a  ferric  oxide  (or  hydroxide)  is  found  which 
has  a  yellowish  or  yellowish-brown  color.  When  dried  in  air  it  may 
retain  about  22  per  cent  of  water,  and  in  this  condition  is  able  to 
react  with  hydrogen  sulphide  very  rapidly.  Such  a  precipitate  is 
also  obtained  when  iron  is  slowly  rusted  by  water  and  the  iron  is 
precipitated  by  hydrolysis.     (See  curve  No.  60,  Fig.  4.) 

If  we  consider  the  various  commercial  oxides,  we  find  that  they 
resemble  these  prepared  materials  both  in  appearance  and  behavior. 
The  yellowish  or  yellowish-brown  materials  produced  commercially  by 
the  precipitation  of  iron-bearing  mine  waters  by  hydrolysis  and  the 
use  of  finely  ground  limestone  (calcium  carbonate),  as  typified  by 
oxide  No.  19,  show  great  rapidity.  Some  of  the  yellowish-brown 
natural  oxides  are  also  similar  in  behavior,  as  shown  by  curve  No.  21. 
The  red  oxides  of  iron,  so  far  as  have  been  examined,  are  not  so  rapid. 
Sample  No.  24  is  an  example  of  the  better  grade  of  red  ore  oxides.  It 
will  be  observed  that  it  decomposes  only  about  half  as  much  hydrogen 
sulphide  per  unit  of  ferric  oxide  in  one  minute  as  does  sample  No.  19, 
yet  it  has  a  much  greater  primary  capacity,  since  it  decomposes  in 
1  hour  about  the  same  amount  of  hydrogen  sulphide  per  unit  of 
ferric  oxide  and  its  ferric  oxide  content  is  much  greater  than  that  of 
No.  19.  Sample  No.  30  is  a  commercial  rust  oxide.  The  finer  par- 
ticles were  of  a  yellowish-brown  color,  but  there  was  a  large  proportion 
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of  larger  particles  which  were  hard  and  nearly  black.  These  large 
particles  appeared  to  have  a  grain  of  unoxidized  iron  as  a  nucleus, 
and  resembled  greatly  the  dense  hard  material  formed  by  drying  a 
ferric  hydroxide  precipitated  by  ammonia  from  a  concentrated  solu- 
tion as  previously  described.  The  presence  of  these  hard  granular 
particles  was  apparently  responsible  for  the  comparatively  low  activity 
of  the  material,  and  they  made  it  so  slow  in  action  that  it  was  not  able 
to  decompose  more  than  a  small  percentage  of  its  theoretical  capacity. 
The  indications  were  that  this,  as  well  as  other  commercial  rust  oxides, 
had  been  prepared  in  such  great  haste  that  not  only  was  insufficient 
time  allowed  for  oxidation,  but  precipitation  had  taken  place  from 
comparatively  concentrated  solutions  on  the  surface  of  the  iron,  re- 
sulting in  the  hard,  compact,  and  relatively  inactive  form  of  oxide 
previously  mentioned.  It  is  also  possible  that  overheating  had  oc- 
curred during  the  rusting  process. 
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X.     Preparation  of  Commercial  Oxides 

The  relation  of  conditions  of  preparation  to  the  properties  of 
commercial  oxides  can  best  be  made  clear  by  brief  descriptions  of 
some  of  the  processes  employed  in  producing  oxides  for  the  gas  in- 
dustry. Some  gas  operators  manufacture  their  own  purifying  ma- 
terials, but  lack  of  space,  high  cost  of  labor,  and  the  attention  required 
to  obtain  a  good  product  are  usually  such  obstacles  that  many  gas 
plants  buy  their  oxide  sponge  (iron  oxide  and  shavings)  ready  mixed. 
In  some  cases  certain  natural  or  prepared  oxides  are  purchased  and 
mixed  with  shavings  at  the  plant.  This  is  a  simple  process  compared 
with  the  procedure  sometimes  resorted  to,  of  producing  the  oxide  by 
rusting  iron  in  contact  with  shavings.  Usually  the  preparation  of 
rust  oxides  is  left  to  regular  oxide  manufacturers.  The  production  of 
material  in  large  quantity  makes  it  feasible  to  use  machinery  for 
handling  to  an  extent  not  possible  in  the  case  of  the  average  gas  plant. 
The  following  are  general  methods  employed  in  preparing  typical 
materials.  The  procedures  described  are  by  no  means  fixed ;  modifica- 
tions of  the  various  processes  are  doubtless  made  by  different 
manufacturers. 

20.  Natural  Oxides. — Weyman*  divides  these  into  two  classes, 
namely,  bog  ores  and  degraded  iron  ores.  The  former  he  states  is 
essentially  ferrous  hydroxide  precipitated  on  peat  fibre.  On  exposure 
to  the  air  it  oxidizes  to  the  ferric  form.  When  this  material  is  dried 
at  but  little  above  ordinary  air  temperature,  nearly  all  of  the  oxide 
is  active.  Owing  to  the  extremely  fine  state  of  division  and  large 
surface  covered  by  the  oxide  it  is  particularly  effective.  He  further 
states  that  the  porosity  and  area  covered  by  the  oxide  make  it  possible 
to  have  present  a  large  amount  of  water  without  the  activity  being 
much  affected.  In  the  curves  of  Fig.  4  no  true  bog  ore  is  repre- 
sented. The  characteristics  attributed  to  it,  however,  especially  the 
ability  to  carry  a  large  amount  of  water  without  impairing  the 
activity,  agree  well  with  the  characteristics  shown  by  some  of  the 
oxides  produced  by  somewhat  different  processes,  as  No.  19  and  No.  60. 

*  Gas  Journal,  Vol.  150,  p.  256,  May  4,   192Q 
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Degraded  iron  ores  Weyman  defines  as  those  produced  by  the 
weathering  of  exposed  iron  ores  or  roeks  containing  iron.  He  states 
that  they  cannot  carry  as  much  water  as  bog  ores  without  loss  of 
efficiency;  that  fine  grinding  gives  larger  surface  and  accelerates 
the  rate  of  absorption  (or  activity,  as  defined  in  this  report)  but  cannot 
increase  the  activity  or  approach  the  activity  of  bog  ore.  In  connec- 
tion with  this  statement  it  should  be  noted  that  the  term  "activity," 
as  used  by  Weyman,  corresponds  rather  closely  to  "capacity"  as 
used  in  this  report.  Oxides  Nos.  21  and  24  would  probably  fall 
under  Weyman 's  classification  of  iron  ores. 

In  plant  practice  these  natural  ores  are  usually  mixed  with 
planer  chips  (oak  chips  must  not  be  used  since  the  wood  acids  form 
with  iron  oxide  compounds  inactive  to  hydrogen  sulphide),  ground 
corncobs,  or  other  porous  materials,  before  being  put  into  the  purifiers. 
Under  favorable  conditions  natural  oxides  do  good  work,  but  where 
there  is  an  overloaded  condition  of  the  purifying  equipment,  natural 
ores,  especially  of  the  second  class,  do  not  seem  to  be  rapid  enough 
to  remove  all  of  the  hydrogen  sulphide  from  the  gas.  It  is  difficult 
to  control  the  amount  of  moisture  in  the  oxide,  not  only  during  prep- 
aration but  also  during  operation,  and  this  factor  doubtless  has  a 
marked  effect  on  the  usefulness  of  the  material.  If  it  is  either  a  little 
too  wet  or  a  little  too  dry  the  activity  is  seriously  affected,  and  with 
so  narrow  a  range  of  activity  the  probability  that  the  moisture  content 
will  not  be  most  favorable  is  very  great. 

21.  Precipitated  Oxides. — Various  products  which  might  be  classi- 
fied under  this  head  are  on  the  market.  Indeed,  rust  oxides  might 
strictly  be  called  precipitated  oxides,  since  solution  of  the  iron  and 
subsequent  deposition  of  the  oxide  doubtless  take  place.  As  dis- 
cussed here,  however,  precipitated  oxides  will  include  only  those  in 
which  the  principal  portion  of  the  oxide  is  derived  from  a  solution  of 
an  iron  salt  by  treatment  with  certain  reagents.  The  first  manu- 
factured oxides  for  gas  purification  were  made  from  copperas,  or 
ferrous  sulphate.  One  formula  for  the  preparation  of  such  an  oxide 
is  as  follows : 

' '  To  each  bushel  of  shavings  use  25  pounds  copperas,  5  to  6  pounds 
of  lime,  and  1  pound  of  rusted  iron  borings.  The  copperas  is  dissolved 
with  hot  water  or  steam.  The  lime  and  water  are  mixed  in  a  separate 
container  thin  enough  to  be  sprinkled  with  a  sprinkling  can.     The 
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shavings  are  spread  on  the  ground  in  a  layer  of  about  18  inches  thick. 
The  iron  oxide,  or  rust,  is  spread  over  the  shavings  and  sprinkled  with 
half  of  the  copperas  solution.  Then  half  of  the  lime  is  sprinkled 
over  the  layer  and  it  is  turned  with  forks  or  shovels.  The  next  day 
the  remainder  of  the  copperas  and  lime  is  added  and  the  material 
is  shoveled  over  again,  and  daily  thereafter  until  the  material  remains 
cool." 

The  precipitation  of  the  iron  in  this  case  is  accompanied  by  de- 
position of  calcium  sulphate  which  dilutes  the  mixture,  but  may  be 
of  some  advantage  mechanically  by  separating  the  particles  of  iron 
oxide  and  preventing  them  from  coalescing.  The  iron  oxide  is  probably 
added  to  increase  the  iron  content  without  correspondingly  increasing 
the  amount  of  calcium  sulphate,  as  would  be  the  case  if  more  iron  were 
added  in  the  form  of  the  sulphate.  Steere  says  that  oxide  made  from 
copperas  acts  more  quickly  than  natural  oxides  and  is  apparently  at  its 
highest  efficiency  after  one  revivification.  Oxides  Nos.  19  and  51  in  Fig. 
4  were  prepared  in  a  manner  somewhat  similar  to  that  described  except 
that  no  free  iron  was  used.  No.  19  was  precipitated  commercially  by 
calcium  carbonate  from  the  ferrous  and  ferric  sulphates  present  in 
certain  mine  water,  while  No.  51  was  precipitated  from  a  solution 
of  ferric  sulphate  by  calcium  carbonate.  In  Fig.  6  it  will  be  noted 
that  oxide  No.  19  had  its  greatest  absorption  after  one  fouling,  which 
agrees  with  the  statement  just  referred  to,  if,  as  is  probable,  the  idea 
of  efficiency  included  only  capacity  for  decomposing  hydrogen 
sulphide. 

22.  Rust  Oxides. — Steere  divides  rust  oxides  into  two  classes, 
namely,  those  produced  by  rusting  clean  cast  iron  borings  with  some 
rusting  solution,  such  as  salt,  sal  ammoniac  (ammonium  chloride), 
or  other  accelerating  agent,  and  those  oxides  produced  by  rusting  the 
iron  with  water  only,  applying  it  as  a  fine  spray. 

Oxidation  by  Rusting  Solutions 

In  making  the  first  class  of  oxides  soft  gray  iron  borings,  cast 
iron  planer  chips,  or  turnings,  clean  and  free  from  steel,  oil,  or  rust, 
are  usually  employed.  Borings  must  pass  through  a  ^-inch  mesh 
screen  and  chips  or  turnings  must  break  up  readily.  Wood  shavings, 
or  some  other  form  of  carrier,  are  spread  on  the  floor  in  a  layer  about 
one  foot  thick.  The  iron  borings  in  the  proportion  of  about  25  to  30 
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pounds  per  cubic  foot  of  shavings  (the  proportions  may  vary)  are  spread 
evenly  over  the  shavings.  The  bed  is  then  sprinkled  thoroughly  with 
the  rusting  solution  (one  quart  of  salt  in  a  barrel  of  water),  and  the 
materials  are  thoroughly  mixed  immediately  after  sprinkling.  The 
mixing  is  repeated  daily  while  it  continues  to  heat,  and  oftener  if 
overheating  is  threatened.  The  beds  should  be  sprinkled  with  water 
daily  and  kept  damp.  A  little  more  salt  solution  is  added  occasionally 
if  oxidation  appears  slow.  The  oxidizing  process  requires  about  one 
week.  Special  care  should  be  taken  to  avoid  overheating.  This  ma- 
terial is  said  to  be  at  its  best  the  first  time  it  is  used. 

Of  the  oxides  tested,  No.  30  appears  to  represent  this  class.  It 
contained  a  high  ferric  oxide  content  (72.5  per  cent)  and  might  there- 
fore be  expected  to  have  a  large  potential  capacity  for  decomposing 
hydrogen  sulphide.  As  shown  by  Table  1  and  Fig.  4,  however,  the 
material  did  not  give  results  in  keeping  with  this  expectation.  The 
decomposition  of  hydrogen  sulphide  per  unit  of  ferric  oxide  was  low 
and  decreased  on  successive  foulings.  Under  the  laboratory  test  the 
material  did  not  have  the  opportunity  of  lying  exposed  to  the  weather 
for  weeks  at  a  time,  as  is  frequently  the  case  in  practice ;  this  exposure 
probably  assists,  to  some  extent  in  oxidizing  and  hydrating  the  ma- 
terial. An  examination  of  the  material  indicated  partially  the  reason 
for  its  poor  performance.  While  part  of  the  iron  oxide  present  was 
in  the  form  of  a  fine  brownish  powder,  a  considerable  part  of  it  was 
in  comparatively  large  particles.  Each  of  these  larger  particles 
which  were  of  very  compact  appearance,  and  had  a  nearly  black  sur- 
face color,  seemed  to  contain  a  nucleus  of  free  iron,  since  they  were 
attracted  by  a  magnet.  They  resembled  the  oxide  resulting  from  drying 
the  precipitate  formed  by  treating  concentrated  ferric  solutions  with 
ammonia.  The  cause  of  this  condition  cannot  be  stated  with  certainty. 
It  seems  likely  that  overheating  took  place  during  oxidation,  or  that 
possibly  the  speed  of  the  rusting  process  was  such  that  it  resulted  in 
precipitation  from  a  concentrated  solution,  giving  the  kind  of  precipi- 
tate observed. 

While  with  the  conditions  obtaining  in  practice,  such  a  material 
might  show  some  improvement  with  time,  it  seems  quite  as  likely  that 
depreciation  due  to  tar  and  other  impurities  in  the  gas  would  tend 
to  occur  at  a  more  rapid  rate.  In  spite  of  the  fact  that  the  mixture 
is  rich  in  ferric  oxide,  it  shows  less  than  half  the  capacity  on  four 
foulings  that  is  shown  by  some  other  materials  with  only  half  the 
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ferric  oxide  content.  It  may  be  possible  to  make  good  oxide  by  the 
accelerated  rusting  process,  but  it  is  believed  that  the  attempt  to 
hasten  production  frequently  results  in  a  deterioration  of  quality. 
Other  oxides  of  a  similar  nature  were  examined,  and  the  results 
obtained  were  not  very  different.  (See  Table  1,  Oxide  31,  which  was 
prepared  by  a  different  producer.) 

Oxidation  by  Water 

This  process  of  manufacture  seems  to  have  been  gaining  favor 
among  several  of  the  larger  gas  companies  during  recent  years.  The 
usual  procedure  is  to  mix  thoroughly  the  desired  amount  of  iron 
borings  with  shavings  or  other  carrier  and  spread  the  mixture  to  a 
depth  of  10  to  12  inches  on  level  ground.  A  sufficient  number  of 
lawn  sprinklers  are  then  arranged  to  keep  the  material  moist  without 
producing  any  considerable  washing  effect.  The  sprays  are  kept  going 
night  and  day  unless  the  weather  is  such  that  the  material  will  remain 
moist  over  night.  The  mixture  is  turned  every  two  or  three  days. 
Showering  is  continued  until  oxidation  is  complete,  and  heating  does 
not  occur;  this  usually  requires  from  three  to  four  weeks.  The  ma- 
terial is  then  ready  for  use  or  can  be  stored. 

Among  the  commercial  samples  studied  by  the  writer,  there  were 
included  no  bona  fide  samples  of  water-rusted  oxide.  One  or  two 
samples  were  supposed  to  have  been  produced  by  some  modification 
of  this  process,  but  their  behavior  indicated  that  they  had  been  very 
imperfectly  rusted,  or  that  the  materials  selected  were  not  of  the  best. 
Laboratory  sample  No.  60  (see  Table  1  and  Fig.  4)  probably  represents 
very  closely  what  might  be  expected  of  a  thoroughly  rusted  material 
of  this  type.  The  rusting  in  this  case  really  consisted  of  solution  of 
the  iron  by  water  and  subsequent  deposition,  the  deposition  taking 
place  in  a  container  into  which  the  iron-bearing  water  was  allowed 
to  drip.  As  will  be  observed  from  Fig.  4,  the  oxide  had  good  activity 
and  capacity  per  unit  of  ferric  oxide,  and  the  activity  remained 
fairly  great  over  a  considerable  range  of  water  content.  The  material 
seemed  to  occupy  a  place  midway  between  the  precipitated  and  natural 
oxides  previously  described. 

23.  Pyritic  Cinder. — The  iron  oxide  resulting  from  the  burning 
of  pyrite  (FeS2)  has  been  used  to  some  extent  for  gas  purification. 
None  of  the  commercial  oxides  submitted  for  study  were  of  this  type. 
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Pyritic  cinder  may  be  quite  high  in  ferric  oxide  content,  containing 
85  per  cent  or  more,  and  if  active  would  presumably  have  a  high 
capacity  for  decomposing  hydrogen  sulphide.  On  account  of  the 
high  temperature  at  which  it  is  produced,  it  is  dehydrated  and  some- 
times partially  fused.  Weyman,  in  the  article  previously  referred  to, 
states  that  pyritic  cinder  is  slower  than  bog  ore,  denser,  and  requires 
working  at  a  higher  temperature.  It  is  also  slower  in  revivification. 
The  same  is  true  of  oxide  recovered  by  burning  the  sulphur  out  of 
spent  oxide.  Such  material  is  said  to  be  even  less  active  than  pyritic 
cinder,  probably  because  it  is  subjected  to  high  temperatures  for  a 
longer  period. 
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XI.     Choice  of  Oxide 

The  choice  of  material  to  he  used  in  any  particular  plant  will 
depend  upon  a  number  of  conditions.  One  of  the  conditions  to  be  con- 
sidered is  the  load  factor.  A  plant  in  which  the  rate  of  purification 
must  necessarily  be  very  great  during  certain  portions  of  the  day  will 
evidently  need  a  more  rapid  oxide  than  one  in  which  the  gas  can  be 
passed  through  the  purifiers  slowly  and  at  a  uniform  rate.  As  has 
been  shown,  most  of  the  better  oxides  will  take  up  their  full  capacity  of 
hydrogen  sulphide,  providing  adequate  time  is  given,  but  where  the 
time  of  contact  is  very  short,  some  of  them  may  fail  to  remove  all 
of  the  hydrogen  sulphide  from  the  gas.  Another  condition  to  be 
considered  in  connection  with  the  activity  of  a  material  is  the  effect 
of  moisture  upon  its  behavior.  The  curves  of  Fig.  4  illustrate  this 
condition,  and  it  seems  that  in  practical  operation  it  might  well  be 
given  greater  consideration.  As  has  been  already  shown  the  activity 
and  to  a  lesser  degree  the  capacity  are  affected  by  the  moisture  content 
of  the  oxide.  In  practice  this  is  a  difficult  thing  to  control.  If  a 
material  is  put  into  the  purifiers  too  dry  it  will  not  react  rapidly, 
while  if  too  wet  the  rapidity  of  the  reaction  is  also  impaired.  More- 
over, the  moisture  content  of  the  oxide  may  change  greatly  during  use. 
The  gas  does  not  always  carry  a  uniform  moisture  content.  If  the 
temperature  of  the  gas  drops  on  its  way  through  the  purifiers  water 
will  be  deposited,  or,  if  the  gas  is  unsaturated  at  the  temperature  of 
the  purifiers,  water  will  be  taken  away  from  the  oxide.  The  sulphiding 
reaction  liberates  water  from  the  oxide.  The  water  formed  by  this 
reaction,  together  with  water  deposited  by  the  gas,  may  become  ex- 
cessive and  diminish  the  rapidity  of  the  purifying  material.  Water 
has  an  especially  retarding  effect  upon  the  rate  of  revivification,  and 
where  revivification  in  place  is  practised,  an  excess  of  moisture  in 
the  oxide  may  cause  slowness  in  the  rate  at  which  the  revivification 
takes  place.  It  would  seem  then  that  oxides,  the  activities  of  which 
are  least  affected  by  water,  would  be  most  practical  for  overloaded 
plants,  especially  those  in  which  the  overload  was  caused  rather  by  the 
high  rate  of  purification  necessary,  than  by  excessive  sulphur  content 
of  the  gas.     This  might  be  the  case  in  some  overloaded  water-gas 
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plants.  It  seems  likely  that  the  failure  of  many  of  the  natural-ore 
oxides  can  be  attributed  not  to  any  lack  of  capacity  for  handling 
hydrogen  sulphide,  but  rather  to  the  fact  that  their  condition  of 
active  operation  is  limited  to  a  very  narrow  range  of  water  content, 
which  is  very  difficult  or  impossible  to  control  in  practice. 

The  very  active  oxides  would  find  great  usefulness  in  catch  boxes, 
where  the  function  of  the  material  is  to  remove  small  amounts  of  hy- 
drogen sulphide  from  the  gas  at  the  high  rates  of  purification  some- 
times necessary.  For  such  work  speed  in  action  and  in  revivification 
would  appear  to  be  the  qualities  most  required. 

The  capacity  factor  must  not  be  left  out  of  consideration,  by  any 
means.  The  experiments  made  appear  to  indicate  that  it  is  almost  nec- 
essary to  sacrifice  capacity  in  order  to  obtain  high  activity,  or  vice 
versa.  The  very  active  oxides  usually  have  a  high  capacity  per  unit 
of  iron  oxide,  but  the  iron  oxide  content  is  usually  low.  For  example, 
oxide  No.  54  contains  when  carrying  its  most  favorable  water  content, 
only  about  21.7  per  cent  of  ferric  oxide.  Since  the  theoretical  decom- 
position of  hydrogen  sulphide  is  63.9  per  cent  of  the  ferric  oxide 
content,  it  is  evident  that  such  a  material  could  absorb  less  than  14 
per  cent  of  its  weight  of  hydrogen  sulphide  in  one  fouling.  There- 
fore, a  bushel  of  sponge,  containing,  say,  30  pounds  of  oxide  to  the 
bushel,  could  purify  during  one  fouling  not  more  than  29  000  cubic 
feet  of  gas  containing  100  grains  of  hydrogen  sulphide  to  100  cubic 
feet.  With  gas  of  a  higher  sulphur  content  the  capacity  would  be 
further  reduced.  On  the  other  hand,  consider  one  of  the  slowest 
materials  tested,  No.  58.  This  oxide  absorbed  approximately  60  per 
cent  of  hydrogen  sulphide  per  unit  of  ferric  oxide,  and  its  ferric 
oxide  content  was  93.2  per  cent.  A  bushel  of  sponge  containing  30 
pounds  of  this  oxide  would  purify  approximately  119  000  cubic  feet 
of  gas  of  the  same  hydrogen  sulphide  content  in  one  fouling.  Neither 
oxide  No.  54  nor  No.  58  were  commercial  products,  but  they  appear 
to  represent  extreme  types  of  purifying  materials.  Obviously  the 
ideal  material  would  be  one  which  combined  the  properties  of  both 
these  oxides.  The  fulfillment  of  such  a  condition  seems  unlikely. 
The  activity  of  materials  typified  by  oxide  No.  54  seems  to  be  due  to 
their  large  surface  and  this  condition  of  large  surface  seems  to  be 
made  possible  by  the  inert  materials  such  as  calcium  sulphate,  etc., 
which  prevent  the  separate  particles  of  oxide  from  coalescing.  These 
inert  substances  of  course  increase  the  weight  and  necessitate  the  use 
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of  a  greater  amount  of  the  material  to  provide  a  given  amount  of 
active  oxide.  Oxide  No.  58  is  almost  pure  ferric  oxide,  but,  in  the 
absence  of  any  inert  constituents  to  separate  the  individual  particles, 
the  material  is  denser  and  slower  in  action.  In  oxide  No.  60  we  have 
a  compromise.  The  material  at  condition  of  greatest  activity  and 
capacity  contains  about  76  per  cent  of  ferric  oxide.  A  bushel  of 
sponge  made  up  in  the  same  proportions  as  previously  suggested 
would  purify  about  98  000  cubic  feet  of  gas  per  fouling.  Its  activitjr 
would  be  greater  than  that  of  No.  58,  and  be  less  affected  by  moisture 
content;  on  the  other  hand,  moisture  would  affect  it  more  than  oxide 
No.  54. 

Another  point  to  be  considered  in  the  choice  of  oxide  is  the 
efficiency  which  it  retains  after  several  foulings.  In  most  cases  the 
more  active  oxides  retain  their  efficiencies  better  than  the  slower 
materials.  As  will  be  seen  in  Table  1,  the  capacities  of  certain  oxides 
over  six  foulings  were  determined.  No.  54  was  not  studied  to  this 
extent,  but  the  results  shown  for  No.  19  are  probably  quite  similar. 
The  capacity  for  six  foulings  is  expressed  as  percentage  of  the  total 
amount  of  hydrogen  sulphide  which  would  be  decomposed,  theoreti- 
cally, during  one  fouling  by  pure  ferric  oxide.  This  serves  as  a 
standard  by  which  to  compare  materials  of  different  oxide  content. 
It  will  be  noted  that  the  performance  of  oxide  No.  19  was  155.7  per 
cent  of  the  standard,  while  No.  58  was  311.0  per  cent.  When  it  is  con- 
sidered, however,  that  No.  19  contained  only  39.8  per  cent  of  ferric 
oxide  on  a  dry  basis,  and  No.  58  contained  93.2  per  cent  on  the  same 
basis,  the  difference  is  not  so  remarkable.  It  will  be  noted  that  the 
absorption  by  No.  19  for  six  foulings  was  five  times  as  great  as  for 
one  fouling,  whereas  the  absorption  by  No.  58  was  3.97  times  as  great 
for  six  foulings  as  for  one.  It  is  evident,  therefore,  that  No.  58 
loses  its  capacity  much  more  rapidly  than  No.  19.  The  capacities 
of  these  two  materials  are  so  different  on  account  of  the  disparity  in 
ferric  oxide  content  that  it  is  likely  that  they  would  reach  the  same 
capacity  only  after  many  more  foulings.  In  the  case  of  some  materials 
whose  characteristics  are  more  nearly  alike,  however,  six  foulings 
might  be  sufficient  to  determine  relative  capacities. 

Whether  six  foulings,  more  or  less,  would  be  sufficient  in  com- 
paring oxides  would  also  depend  upon  other  circumstances.  It  would 
obviously  be  useless  to  base  performance  on  six  foulings  if  plant 
conditions  were  such  that  the  material  was  practically  spoiled  with 
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tar  after  being  in  the  purifiers  only  three  or  four  times.  It  would 
seem  unwise,  also,  to  use  a  material  of  exceptionally  high  ferric 
oxide  content  and  low  activity  under  conditions  where  it  is  almost 
certain  that  only  a  small  part  of  the  oxide  will  come  into  use.  It  is 
to  be  remembered  that  a  purifier  box  is  seldom  emptied  because  the 
contained  material  is  completely  fouled.  The  reason  for  emptying  is 
almost  always  that  the  activity  has  decreased  to  such  a  degree  that 
more  hydrogen  sulphide  is  passing  forward  to  the  other  purifiers  than 
the  activity  of  their  contained  material  will  permit  them  to  handle 
at  the  rate  of  gas  flow  prevailing.  It  would  appear,  therefore,  that 
a  material  which  is  able  to  absorb  a  large  percentage  of  its  theoretical 
capacity  in  a  short  time,  or  which  in  other  words  is  very  active, 
granted  that  its  capacity  is  reasonably  large,  would  be  decidedly  more 
efficient  in  a  majority  of  plants  under  present  conditions  than  a 
slower  material  of  much  larger  capacity. 
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XII.     Summary  of  Conclusions 

All  of  the  experimental  work,  leading  to  the  conclusions  of  this 
bulletin,  was  performed  in  the  laboratories  of  the  University  of 
Illinois.  It  would  be  very  desirable  if  some  of  these  experiments 
could  be  checked  by  operation  on  a  commercial  or  semi-commercial 
scale.  Taking  the  laboratory  experiments,  the  conclusions  of  other 
investigators,  and  experience  gained  in  gas  plant  operation  as  a 
basis,  the  following  conclusions  seem  justified  : 

(1)  The  usefulness  of  iron  oxide  for  gas  purification  de- 
pends upon  its  physical,  and  perhaps  upon  its  molecular,  structure, 
rather  than  upon  its  iron  content. 

(2)  There  are  two  factors  which  determine  the  value  of 
a  particular  oxide:  namely,  (a)  the  rapidity  or  activity  of  the 
oxide  for  decomposing  hydrogen  sulphide,  and  (b)  the  ultimate 
capacity  of  the  material  for  decomposing  hydrogen  sulphide  under 
the  operating  conditions. 

(3)  No  generally  accepted  definitions  for  activity  and  ca- 
pacity of  oxides  have  been  formulated.  Tentative  definitions  are 
given  in  this  bulletin. 

(4)  As  defined  in  this  publication  the  capacities  of  some 
oxides,  per  each  fouling,  and,  to  a  greater  degree,  the  activities 
of  the  oxides,  are  affected  by  their  water  content. 

(5)  It  is  unlikely,  as  shown  by  recent  researches,  that  ferric 
oxide  forms  any  hydrates  of  definite  composition  other  than 
the  monohydrate  (Fe,03  .  H20).  It  is  doubtful  whether  even 
this  definite  compound  exists  among  the  synthetic  oxides  com- 
monly used  in  gas  purification,  though  many  of  the  synthetic 
oxides  resemble  the  natural  hydrated  oxides  in  physical  and 
chemical  properties.  Therefore,  the  water  which  affects  the  be- 
havior of  oxides  as  gas-purifying  agents,  is  probably  water  ad- 
sorbed on  the  surface  of  the  material. 

(6)  For  every  oxide  there  appears  to  be  a  best  water  content 
at  which  the  material  is  most  active  in  decomposing  hydrogen 
sulphide.  If  the  water  content  be  increased  or  decreased  from 
this  point  the  activity  of  the  oxide  decreases. 
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(7)  The  best  water  content  varies  with  different  oxides. 
The  lighter,  more  porous  oxides  retain  a  high  activity  over  a 
greater  range  of  water  content  than  do  the  denser  and  more 
compact  materials.  The  reason  seems  to  be  that  above  a  certain 
water  content  peculiar  to  each  oxide,  the  water  excludes  the 
hydrogen  sulphide  from  acting  readily  with  the  material. 

(8)  In  general,  considering  oxides  of  all  types,  compared 
under  the  same  conditions  of  drying,  those  materials  which  retain 
the  most  water  are  the  most  active. 

(9)  Of  the  various  materials  examined,  those  of  a  yellow 
or  yellowish-brown  color  are  generally  more  active  than  the  red 
or  reddish-brown  oxides.  The  former  are  generally  more  porous 
in  appearance,  of  lower  density,  and  of  higher  water  content 
than  the  latter,  and  retain  their  activity  over  a  considerably 
greater  range  of  water  content. 

(10)  All  the  yellow  or  yellowish -brown  oxides  are  trans- 
formed into  the  red  or  reddish-brown  varieties  by  heating  a  few 
hours  at  400  deg.  C.  The  activity  of  the  oxide  decreases  as  a 
result  of  this  transformation  and  is  restored  very  slowly,  if  at 
all,  by  remoistening ;  nor  does  the  color  return  to  its  former 
value,  at  least  within  several  weeks,  if  ever.  The  activity  lost 
by  heating  an  oxide  a  few  hours  at  200  deg  C.  is  to  a  considerable 
degree  regained  by  remoistening  the  oxide  and  allowing  it  to 
stand  several  days. 

(11)  Oxides  produced  by  the  precipitation  of  ferric  salts 
from  concentrated  solutions  by  alkaline  hydroxides  or  carbonates, 
and  subsequent  drying,  and  rust  oxides  made  with  the  use  of 
rusting  solutions,  appear  to  be  comparatively  slow  in  decomposing 
hydrogen  sulphide.  Such  oxides  appear  to  become  still  slower 
in  action  if  subjected  to  a  temperature  of  100  deg.  C.  for  several 
hours.  The  activity  of  these  materials  is  generally  considerably 
affected  by  a  comparatively  small  variation  in  water  content. 

(12)  Oxides  precipitated  from  ferric  or  ferrous  sulphate 
solutions  by  calcium  or  barium  hydroxides  or  carbonates,  and 
oxides  resulting  from  the  slow  rusting  of  iron  at  a  low  tempera- 
ture and  in  the  presence  of  considerable  water,  resemble  the 
natural  hydrated  oxides  of  iron  in  color  (yellow  or  yellowish- 
brown).    Their  activities  are  usually  as  great  as  or  greater  than 
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those  of  the  natural  hydrated  oxides  and  retain  their  values  over 
a  rather  wide  range  of  water  content. 

(13)  The  capacities  of  most  oxides  are  but  little  affected  by 
water  content,  though  in  a  few  cases  excess  water  slows  the  reac- 
tion with  hydrogen  sulphide  to  such  an  extent  that  it  is  completed 
only  after  a  considerable  time. 

(14)  In  general,  the  more  active  oxides  revivify  more  quickly 
and  retain  their  activity  over  successive  foulings  with  hydrogen 
sulphide  better  than  the  slower  oxides. 

(15)  When  a  hydrated  or  non-hydrated  oxide  is  sulphided 
and  then  revivified  in  the  presence  of  adequate  water,  it  tends 
to  return  to  the  same  appearance,  physical  state,  color,  and  water 
content  as  it  possessed  before  sulphiding. 

(16)  Extremes  of  activity  and  capacity  do  not  seem  to  go 
together.  Conditions  which  increase  surface  and  hence  activity  of 
oxides,  decrease  iron  oxide  content  and  hence  capacity,  and  vice 
versa. 

(17)  The  choice  of  oxide  for  a  particular  gas-plant  should 
be  governed  by  conditions  prevailing. 

This  investigation  shows  that  great  differences  exist  between 
iron  oxides  available  for  gas  purification,  with  respect  to  their 
usefulness  for  the  purpose.  Good  materials  of  each  of  the  types  men- 
tioned have  been  in  use  since  iron  oxide  was  first  employed  as  a  puri- 
fying agent  about  35  years  ago.  No  very  radical  developments  have 
taken  place  in  the  oxide  manufacturing  industry  during  that  time. 
It  is  unlikely  that  our  best  available  commercial  oxides  of  today  are 
really  much  superior  to  the  best  oxides  originally  used.  Methods  of 
manufacture  have  probably  made  possible  the  production  of  a  more 
uniform  grade  of  prepared  products  than  formerly.  Sources  of  sup- 
ply have  been  developed  which,  together  with  the  use  of  machinery 
in  manufacture,  have  decreased  the  cost  of  production,  and  made 
good  grades  of  oxide  cheaper  than  they  would  be  had  the  old  methods 
still  remained  in  use.  After  35  years  of  oxide  purification,  however, 
there  is  no  special  type  of  material  which  is  generally  recognized  as 
superior  to  all  others.  All  the  types  of  materials  formerly  used  are 
still  used. 

Improvement  in  oxides  for  purification  can  only  come  through 
a  thorough  understanding  of  the  effects  of  fundamental  conditions 
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upon  the  character  and  performance  of  the  product.  It  has  not  been 
possible  in  the  present  discussion  to  cover  the  whole  range  of  possibil- 
ities. It  has  been  observed  by  certain  investigators  that  the  presence 
of  alkalies  in  oxides  has  an  effect  on  their  behavior  out  of  proportion 
to  the  effects  directly  attributable  to  the  alkalies  themselves.  This 
deserves  study.  It  also  seems  possible  that  certain  catalytic  agents 
might  be  discovered  which  would  increase  the  speed  of  some  of  the 
oxides  of  large  capacity. 

Oxide  purification  has  its  unavoidable  limitations.  A  certain 
practical  ultimate  capacity  can  not  be  exceeded,  regardless  of  the 
quality  of  the  material.  Spent  oxide  is  disagreeable  to  handle  and  it 
is  difficult  to  obtain  labor  which  is  willing  to  handle  it.  The  sulphur 
in  spent  oxide,  while  often  in  considerable  amount,  can  not  usually 
be  extracted  profitably  because  of  other  materials  present.  Con- 
sequently, it  is  essentially  a  waste  product.  The  United  States  im- 
ports much  sulphur  annually,  although  there  is  a  vast  amount  present 
in  this  country  could  it  be  made  commercially  available.  All  coals 
of  the  United  States  contain  sulphur.  Indeed,  the  high  sulphur  con- 
tent of  most  of  the  Illinois  coals  is  a  serious  drawback  to  their  use 
for  gas  and  coke  making,  and  the  low-sulphur  coals  of  other  regions 
are  steadily  decreasing  in  amount.  It  appears  probable,  therefore, 
that  the  gas  industry  must  eventually  abandon  oxide  purification  for 
some  other  process  which  involves  less  labor,  and  less  space  for  equip- 
ment, and  which  produces  the  sulphur  in  a  form  in  which  it  will  be 
available  for  industrial  purposes. 
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INVESTIGATION  OF  WARM-AIR  FURNACES 
AND  HEATING  SYSTEMS 

I.    General  Statement  Concerning  the  Investigation 

1.  The  Cooperative  Agreement. — This  Bulletin  is  the  second  re- 
port of  progress  under  the  present  cooperative  agreement*  between  the 
National  Warm-Air  Heating  and  Ventilating  Association  and  the 
University  of  Illinois  for  an  investigation  of  warm-air  furnaces  and 
furnace  heating  systems.  The  agreement  was  formally  approved  in 
August  1918,  and  the  research  work  began  in  October  of  that  year. 
A  first ' '  Report  of  Progress  in  Warm- Air  Furnace  Research, ' '  Bulletin 
No.  112  of  the  Engineering  Experiment  Station,  has  already  been  is- 
sued and  was  presented  to  the  Association  at  its  annual  meeting  in 
Columbus,  Ohio,  on  June  11,  1919.  A  special  bulletin,  ' '  The  Emissivity 
of  Heat  from  Various  Surfaces,"  Bulletin  No.  117  of  the  Engineering 
Experiment  Station,  was  presented  to  the  Association  at  its  annual 
meeting  in  Cleveland,  Ohio,  on  April  21,  1920.  In  addition  to  these, 
two  special  reports  have  been  made  to  the  American  Society  of  Heat- 
ing and  Ventilating  Engineers  on  the  subjects  of  warm-air  furnace 
testing,  t 

The  present  bulletin  deals  principally  with  the  work  accomplished 
since  April,  1920,  but  in  addition  to  this  reference  has  been  made  to 
material  contained  in  the  earlier  bulletins,  and  some  of  the  more  im- 
portant results  of  the  earlier  work  have  been  repeated  in  this  bulletin. 
In  such  cases  references  to  the  previous  bulletins  are  clearly  indicated. 

2.  Objects  of  the  Investigation. — The  principal  objects  of  the 
investigation  are  briefly  stated  as  follows : 

(1)     To  determine  the  efficiency  and  capacity  of  commercial 
warm-air  furnaces  under  conditions  similar  to  those  existing  in 


*  See  "Report  of  Progress  in  Warm-Air  Furnace  Research."  Univ.  of  111.  Eng.  Exp. 
Sta.,  Bui.  112,  Appendix  II,  pp.  61-63,  1919. 

t  "A  Report  of  Progress  in  Warm-Air  Fumnre  Testing  at  the  University  of  Illinois," 
Journal  of  American  Society  of  Heating  and  Ventilating  Engineers,  Vol.  26,  No.  2,  March, 
1920. 

"Proposed  Furnace  Testing  Codes  for  both  Pipeless  and  Piped  Furnace  Systems,  as 
Developed  in  the  Warm-Air  Furnace  Research  Work  at  the  University  of  Illinois,"  Journal  of 
American  Society  of  Heating  and  Ventilating  Engineers,  Vol.  27,  No.  2,  March,   1921. 
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actual  installations,  with  leaders,  stacks,  and  registers,  to  form 
a  complete  system. 

(2)  To  determine  satisfactory  and  simple  methods  for  rat- 
ing furnaces  so  that  the  proper  size  and  type  of  furnace  can  be 
definitely  selected  for  the  service  required. 

(3)  To  determine  methods  of  increasing  the  efficiency  and 
capacity  of  furnace  heating  equipment,  and  the  advantages  or 
desirability  of  certain  types  of  design. 

(4)  To  determine  the  heat  losses  in  furnace  heating  systems 
and  the  value  of  insulating  materials  as  affecting  the  economy  of 
the  furnace,  or  the  leaders  and  stacks,  and  finally  of  the  system 
as  a  whole. 

(5)  To  determine  the  proper  sizes  and  proportions  of 
Readers,  stacks,  and  registers  supplying  air  to  first,  second,  and 
third  floors. 

(6)  To  determine  the  friction  losses  in  cold  air  or  recircu- 
lating ducts  and  registers,  and  their  proper  size,  proportions,  and 
arrangement  or  location. 

(7)  Eventually,  to  make  a  study  and  comparison  of  outside 
and  inside  air  circulation  as  affecting  the  economy  and  operation 
of  furnace  systems. 

In  addition  to  these,  the  original  objects  of  the  investigation,  there 
has  been  added  the  investigation  of  ordinary  gravity  type  furnaces 
operating  with  small  motor  driven  fan  units.  Such  units  are  not 
intended  for  continuous  service,  but  will  merely  serve  to  accelerate 
the  air  flow  in  cold  weather,  and  temporarily  to  increase  the  capacity 
of  a  gravity  system.  Tt  should  be  made  clear  that  this  work  with 
small  fan  units  does  not  include,  at  present,  the  more  elaborate  "fan- 
furnace"  sj'stems  which  are  installed  in  large  buildings  to  provide 
for  both  heating  and  ventilation. 

3.  Discussion  of  the  Problem  and  Methods  Employed. — It  should 
be  noted  at  the  outset  of  this  discussion  that  the  fundamental  ideas 
involved  in  the  methods  used  in  this  investigation,  as  well  as  the 
furnace  plant  itself  and  its  essential  features,  were  developed  and  put 
into  operation  by  the  Department  of  Mechanical  Engineering  of  the 
University  of  Illinois  in  the  spring  of  1918.  This  preliminary  work 
soon  developed  the  fact  that  very  little  could  be  accomplished  in 
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the  investigation  of  warm-air  furnaces  and  furnace  systems  unless 
the  furnaces  were  operated  under  the  natural  gravity  flow  conditions 
which  exist  in  the  actual  installations.  The  research  aspects  of  the 
problem  then  became  very  definite,  and  may  briefly  be  stated  under 
two  general  heads: 

1.  The  exact  measurement  of  large  quantities  of  air,  flowing  at 
very  low  velocities,  under  extremely  small  heads,  but  at  atmospheric 
pressure,  and  usually  at  high  temperature;  this  measurement,  more- 
over, must  be  made  just  as  the  air  enters  or  leaves  a  register  face,  and, 
in  piped  furnace  work,  at  a  number  of  widely  separated  register  faces. 

2.  The  exact  measurement  of  the  temperature  of  air  flowing  over 
hot  metallic  surfaces,  at  points  where  the  temperature  measuring 
element  is  in  fairly  close  proximity  to  the  hot  surface ;  this  case,  also, 
requires  additional  temperature  readings  to  be  taken  simultaneously 
at  many  points. 

These  two  problems  have  occupied  the  research  staff  almost  con- 
stantly since  the  work  began.  The  first  problem  has  been  solved  by 
an  indirect  method,  using  anemometers  and  an  elaborate  calibrating 
plant.  The  second  problem  has  been  solved  by  the  use  of  thermo- 
couples and  a  potentiometer,  after  calibrating  all  couples  in  position, 
and  determining  the  correction  for  radiation  for  each  couple  exposed 
to  hot  surfaces. 
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II.     Summary  of  Principal  Results  to  Date 

4.  General  Classification  of  Results. — Any  discussion  of  the  re- 
sults so  far  obtained  by  the  furnace  research  staff  can  be  divided 
naturally  into  two  parts,  the  first  dealing  with  the  special  apparatus 
and  methods  that  have  been  developed  for  doing  the  testing  work, 
and  the  second  with  the  actual  performance  data  obtained  from  the 
tests  which  have  been  made  on  various  kinds  of  furnace  equipment. 

5.  Special  Apparatus  and  Methods. — The  measurement  of  air 
velocity  and  the  temperature  of  air  under  the  particular  conditions 
existing  in  warm-air  furnace  heating  by  natural  circulation  has  re- 
quired the  erection  of  full-size  plants  operating  under  actual  condi- 
tions and  the  development  of  special  testing  equipment  and  methods 
which  are  briefly  outlined  in  the  following  paragraphs.  The  itemized 
list  of  results  here  given  will  also  serve  as  a  general  index  in  finding 
most  of  the  information  given  in  the  bulletin. 

(1)  A  complete  three  story  furnace  heating  plant  with  10 
leaders,  stacks,  and  registers  operating  by  natural  circulation  on  re- 
circulated air  has  been  erected  and  is  now  in  operation.     (Section  III.) 

(2)  A  complete  pipeless  furnace  plant  of  the  single  register  type 
also  operating  by  natural  circulation  on  recirculated  air  has  been 
erected  and  is  now  in  operation.    (Section  IV.) 

(3)  Methods  of  operating  these  plants  under  uniform  condi- 
tions, using  any  solid  fuel,  so  that  reliable  test  data  may  be  secured, 
have  been  developed  and  perfected.  This  includes  special  tempera- 
ture regulating  devices  operating  by  automatic  draft  control,  which 
have  been  found  of  prime  importance  in  this  work.  (Section  V  and 
VI.) 

(4)  A  satisfactory  method  of  making  accurate  measurements 
of  air  temperatures  in  close  proximity  to  hot  furnace  castings  has 
finally  been  perfected.  This  involved  the  determination  of  the  radia- 
tion effect  of  such  castings  on  small  thermocouples,  the  measurement 
of  the  castings  temperature  and  the  development  of  an  air  tempera- 
ture-rise indicator  of  great  sensitiveness.     (Section  VI.) 
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(5)  Methods  for  measuring  the  true  amount  of  air  issuing  from 
register  faces  at  low  velocity  have  been  perfected  for  both  piped  and 
pipeless  furnaces.  Similar  methods  have  been  developed  for  checking 
the  amount  of  air  entering  a  furnace  at  the  same  time.     (Section  IX.) 

(6)  A  positive  and  fundamental  method  of  calibrating  all  air 
measuring  instruments  used  in  this  work  against  weight  of  air,  with  an 
accuracy  well  within  one  per  cent,  has  been  developed,  and  is  always 
available.     (Sections  VII  and  VIII.) 

(7)  A  special  manometer  reading  directly  to  0.001  of  an  incli 
head  of  alcohol  has  been  developed  and  four  of  these  gages  are  now 
in  use.     (Section  IX.) 

6.  Performance  Data  and  Results  Obtained  from  Tests. — The 
tests  so  far  run  have  covered  a  wide  range,  and  include  not  only  tests 
on  the  main  plants,  but  also  tests  on  much  of  the  auxiliary  equipment 
used  in  furnace  heating. 

(1)  Complete  testing  codes  for  both  piped  and  pipeless  fur- 
naces have  been  drawn  up,  tried  out  in  detail,  and  are  now  before 
the  American  Society  of  Heating  and  Ventilating  Engineers.  (Sec- 
tion V.) 

(2)  The  measurement  of  air  temperatures  across  an  air  stream 
such  as  that  flowing  in  furnace  leaders  or  stacks  has  been  made,  and 
the  differences  between  the  air  and  the  pipe  temperatures  accurately 
determined.     (Section  VI.) 

(3)  The  heat  loss  from  a  pipeless  furnace  has  been  determined. 
(Section  X.) 

(4)  The  heat  insulating  efficiency  of  most  of  the  commercial 
furnace  pipe  and  casing  coverings  has  been  measured.     (Section  XI.) 

(5)  The  investigation  of  the  relative  value  of  solid  and  slotted 
fire  pots  has  been  begun  and  results  with  furnaces  operating  on  hard 
and  soft  coal  obtained.     (Section  XII.) 

(6)  The  application  of  small  fan  units  to  ordinary  furnace  in- 
stallations has  been  made  one  of  the  objects  of  the  investigation  and 
the  results  of  the  preliminary  investigation  are  included  in  this  report. 
(Section  XII.) 

(7)  A  study  of  the  proper  proportions  for  leaders  and  stacks 
has  been  made,  and  the  air  carrying  capacities  of  leaders  and  stacks 
with  varying  relations  of  cross  sectional  area  have  been  ascertained. 
(Section  XIII.) 
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(8)  The  effect  of  one  type  of  register  grille  on  the  air  delivering 
capacity  of  a  pipeless  furnace  has  been  determined.  The  study  of 
register  grilles  in  general  is  now  in  progress.     (Section  XIII.) 

(9)  The  effect  of  height  of  register  above  the  furnace,  and  the 
air  temperature  at  the  register,  on  furnace  or  leader  capacity  has  also 
been  determined  for  the  piped  furnace.     (Section  III.) 

(10)  Typical  performance  curves  for  both  piped  and  pipeless 
furnaces,  showing  the  relation  between  combustion  rate,  draft,  heating 
capacity,  air  temperature  at  registers,  and  efficiency,  have  been  ob- 
tained.   (Sections  III  and  IV.) 

(11)  Comparative  tests  of  a  pipeless  furnace  operating  first  on 
hard  coal  and  then  on  soft  coal  have  been  made,  but  complete  per 
formance  curves  on  soft  coal  are  not  yet  available.     (Section  IV.) 


Fig.  1.     The  Main  Plant,  Front  View 


Fig.  2.     Switchboard  and  Instruments 
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III.     The  Piped  Furnace  Plant 

7.  General  Description  of  Plant. — A  general  view  of  this  plant 
is  shown  in  Fig.  1.  A  comparison  of  this  figure  with  Fig.  1  of  the 
previous  report*  of  progress  will  show  the  following  modifications 
in  the  equipment.  For  sectional  elevation  and  plan  of  this  plant 
see  Figs.  3  and  4. 

(a)  The  main  switch  board  and  the  instruments  (Fig.  2)  for 
reading  temperatures  have  been  moved  from  the  first  floor  of  the 
plant  (Fig.  3)  to  the  main  floor  of  the  laboratory.  (See  Fig.  1  at 
right  hand  lower  corner.)  This  change  gives  a  much  steadier  mount- 
ing for  the  instruments,  and  also  makes  it  possible  to  use  the  switch 
board  for  temperature  readings  on  the  other  two  plants  as  well  as  on 
the  piped  furnace  plant. 

(b)  A  special  closed  calorimeter  tank,  a,  (Fig.  5)  of  the  same 
diameter  as  the  furnace  and  one  inch  high  has  been  placed  under  the 
furnace  for  determining  the  radiation  loss  from  the  fuel  bed  or  fire- 
pot  to  the  floor.  This  tank  is  supplied  with  water  which  intercepts 
the  radiant  heat  that  would  otherwise  enter  the  floor,  and  thus  makes 
it  possible  to  determine  the  magnitude  of  the  loss  to  the  floor. 

(c)  An  open  calorimeter  tank,  b,  has  been  placed  on  top  of  the 
furnace  bonnet  (Fig.  5)  for  determining  the  radiation  loss  from  the 
top  of  the  bonnet.  This  tank  is  supplied  with  water  and  functions  in 
much  the  same  way  as  the  bottom  tank. 

(d)  A  black  iron  adjustable  shield,  c,  (Fig.  5)  has  been  placed 
just  inside  the  furnace  casing  so  that  it  reaches  from  grate  level  to 
under  side  of  radiator.  Its  position  can  be  changed,  by  long  screws, 
in  order  to  increase  or  diminish  the  distance  between  this  shield  and 
the  casing.  This  shield  acts  as  secondary  heating  surface,  since  it 
intercepts  the  radiant  heat  from  the  fire-pot  and  combustion  chamber  so 
that  this  heat  may  be  transferred  to  the  air  passing  up  through  the 
furnace. 

(e)  Two  horizontal  curved  shields,  d,  of  black  iron  (Fig.  5) 
have  been  inserted  in  the  recirculating  duct  at  the  point  where  this 

*  "Report  of  Progress  in   Warm-Air   Furnace   Research."      Univ.   of   111.   Eng.   Exp.    Sta., 
Bui.   112,     1910. 
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Fig.  3.     Sectional  Elevation  of  Piped  Furnace  Testing  Plant 
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Fig.  4.     Floor  Plan  and  Dimension  Table  for  Piped  Furnace  Testing  Plant 
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■Thermometer 
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Fig.   5.     Auxiliary   Testing    Equipment   for   Piped   Furnace 

duct  enters  the  furnace  casing.  These  shields  also  intercept  radiant 
heat  and  transfer  this  heat  to  the  entering  air  in  exactly  the  same 
way  as  indicated  in  (d)  for  the  circular  shield. 

The  balance  of  the  main  plant,  including  all  leaders,  stacks,  and 
registers,  has  not  been  changed,  and  the  original  three-story  steel 
structure  erected  in  the  Mechanical  Engineering  Laboratory  is  still 
in  place.  This  structure  merely  serves  as  the  working  skeleton  of  a 
house  and  carries  the  stacks  and  registers  which  run  to  the  various 
floors.  All  important  dimensions  are  given  in  the  sectional  elevation 
and  plan  (Figs.  3  and  4),  which  show  the  equipment  in  use  on  May 
1,  1919.     These  figures  are  taken  from  a  former  bulletin*  and  re- 


*  "Report  of  Progress  in   Warm-Air  Furnace  Research."   Univ.   of   111.   Eng.   Exp.   Sta., 
Bui.  112,     1919. 
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peated  here  for  use  in  studying  the  performance  curves  prepared  from 
three  tests  on  this  original  plant  and  shown  in  Fig.  6.  A  ten-leader 
plant  is  still  in  use  and  all  stacks  have  been  cased  in  to  simulate  furred 
wall  conditions.  One  of  the  four  stacks  to  the  second  floor  and  one 
of  the  two  stacks  running  to  the  third  floor  are  single,  but  all  other 
stacks  are  double  wall  with  5/16-inch  air  space.  The  single  stacks 
were  made  3-inch  deep  instead  of  314-inch  in  order  to  make  them 
comparable  with  double  wall  stacks. 

8.  Results  of  Tests. — The  remodelled  main  plant  as  described  in 
the  preceding  paragraphs  has  not  yet  been  subjected  to  a  complete 
series  of  tests.  A  table  of  the  results  of  five  tests  on  the  original  main 
plant  will  be  found  in  a  former  bulletin*  and  the  results  from  three 
of  these  tests  Nos.  A-l,  A-2,  and  A-3,  have  been  presented  in  graphical 
form  (Fig.  6). 
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*  "Report  of  Progress  in  Warra-Air  Furnace  Research." 
Bui.  112,  Table  5,  p.  42,   1919. 
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9.  Performance  Curves  fron\  Piped  Furnace  Plant. — It  has 
been  found  practically  impossible  to  make  satisfactory  comparisons 
between  two  or  more  types  of  furnaces  from  a  few  isolated  tests.  In 
fact,  comparisons  on  such  a  basis  may  prove  very  unsatisfactory  and 
lead  to  erroneous  conclusions. 

If,  on  the  other  hand,  the  results  of  a  series  of  tests  are  plotted 
on  coordinate  paper,  and  the  performance  curves  of  the  furnace  over 
its  entire  range  of  practical  operation  are  drawn,  the  relation  of  all 
factors  affecting  performance  is  clearly  indicated.  Such  a  series  of 
performance  curves  is  given  in  Fig.  6  for  the  piped  furnace  plant. 
The  rate  of  combustion  is  shown  along  the  horizontal  axis,  and  the 
various  curves  indicate : 

(a)  the  draft  necessary  at  the  smoke  outlet,  in  inches  of 
water ; 

(b)  the  heating  capacity  at  bonnet  in  B.t.u.  per  hour; 

(c)  the  equivalent  register  temperature  at  the  register  faces 
based  on  65  deg.  F.  inlet  temperature  at  the  recirculating  register ; 

(d)  the  efficiency  of  the  furnace  in  per  cent,  which  is  the 
ratio  of  the  heat  put  into  the  air  as  it  leaves  the  furnace  bonnet 
to  the  heat  value  of  the  coal  burned. 

As  a  discussion  of  a  similar  set  of  curves  for  a  pipeless  furnace 
is  given  in  Section  IV,  reference  to  that  discussion  will  readily  show 
how  to  interpret  the  curves. 

10.  Effect  of  Air  Temperature  at  Register  Face  and  Height  of 
Register  above  Furnace  on  Leader  Capacity. — One  of  the  most  im- 
portant results  of  the  work  done  on  the  piped  furnace  plant  was  the 
determination  of  the  heat  carrying  capacity  of  first,  second,  and  third 
floor  leaders  and  stacks.  These  results  were  given  in  the  first  report 
of  progress,  but  they  are  so  important  that  it  seems  advisable  to  repeat 
part  of  the  discussion  and  the  plotted  results  (Fig.  8)  in  this  bulletin. 

Curves  (Figs.  7  and  8)  have  been  plotted  from  the  data  obtained 
in  seven  tests  on  the  main  plant,*  showing  the  relation  between  the 
register  temperatures  on  any  floor,  and  the  B.t.u.  carried  per  square 
inch  of  leader  pipe  per  hour  to  each  of  these  floors. 

Knowing  the  B.t.u.  loss  per  hour  from  any  room  on  any  floor 
(first,  second,  or  third)  and  given  any  register  temperature,  using  the 

*  "Report  of  Progress  in   Warm-Air  Furnace  Research."   Univ.  of   111.   Eng.   Exp.   Sta., 
Bui.    112,    Table   5,    p.    42.    1919. 
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Fig.  8.     Effect  of  Air  Temperature  at  Register  on  Leader  Capacities 

value  of  B.t.u.  per  square  inch  of  leader  pipe  from  these  curves 
(Fig.  8),  simple  division  will  give  the  square  inches  of  leader  pipe 
necessary  to  heat  the  room  to  70  deg.  F.  on  a  zero  day. 

From  the  data  obtained  in  the  seven  tests  it  was  apparent  that 
the  temperature  at  the  registers  on  the  second  floor  was  approximately 
10  degrees  lower  than  that  on  the  first  floor,  or  about  175  deg.  F.  In 
like  manner,  from  the  second  floor  curve,  it  was  found  that  one  square 
inch  of  leader  pipe  at  this  temperature  will  supply  160  B.t.u.  per 
hour  available  for  heating  rooms.  Dividing  the  heat  loss  from  the 
second  floor  rooms  by  this  value  gives  the  square  inches  of  leader  pipe 
necessary  to  offset  the  heat  loss  from  the  second  floor  rooms. 
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In  the  same  way,  the  test  data  show  a  register  temperature  on  the 
third  floor  which  is  about  the  same  as  that  on  the  first  floor.  From  the 
third  floor  curve  it  may  be  seen  that  at  185  deg.  F.  register  temperature 
one  square  inch  of  leader  pipe  will  carry  215  B.t.u.  per  hour.  The 
square  inches  of  leader  pipe  for  third  floor  rooms  is  found  as  before. 

In  plotting  the  curves  the  average  register  temperature  for  any 
one  floor  was  used  in  each  case.  It  was  found  by  reference  to  the  test 
data  that  there  was  a  considerable  variation  in  register  temperatures 
on  any  one  floor.  It  is,  therefore,  evident  that  the  size  of  the  pipe 
as  figured  may  not  be  absolutely  correct  in  each  case.  It  is  not  much 
in  error,  however,  and  in  view  of  the  large  increase  in  pipe  areas  from 
one  size  to  the  next,  the  error  is  negligible  for  all  practical  purposes. 

It  is  quite  evident  that  the  design  of  a  furnace  heating  system 
must  be  based  on  the  B.t.u.  loss  per  hour  from  each  room.  This 
method  of  computation  is  quite  familiar  to  the  engineer  and  can  be 
used  by  any  well  qualified  furnace  man,  as  fairly  simple  formulas 
can  be  made  to  cover  most  types  of  installation.  A  later  bulletin  will 
cover  such  applications,  and,  therefore,  no  space  is  given  to  the  cal- 
culation of  heat  losses  here. 

If,  for  example,  it  is  found  that  the  living  room  on  the  first  floor 
of  a  house  has  a  heat  loss  of  16  600  B.t.u.  per  hour,  and  a  register 
temperature  of  185  deg.  F.  is  to  be  used,  each  square  inch  of  leader 
supplies  115  B.t.u.  and  the  calculated  area  becomes 

16  600      ,..  . 

—  =  144  square  inches 

which  requires  either  one  9-inch  and  one  10-inch  leader,  or  a  special 
13V2-inch  leader. 


26  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


IV.     The  Pipeless  Furnace  Plant 

11.  General  Description  of  Plant. — The  plant  and  the  arrange- 
ment of  equipment  for  the  testing  of  the  pipeless  or  single  register  fur- 
nace is  shown  in  the  general  view  Fig.  9,  and  in  the  sectional  elevation 
Fig.  11.  In  brief,  the  plant  consisted  of  a  frame  structure  eight  feet 
in  height  supporting  a  platform  ten  feet  square.  This  platform  served 
as  a  floor  in  which  was  inserted  the  register,  and  below  this  was  erected 
the  furnace  proper.  The  main  floor  of  the  laboratory  was  used  as 
the  firing  floor,  and  the  platform  above  as  the  reading  or  working 
floor.  The  chimney  was  located  three  feet  to  the  rear  of  the  furnace, 
and  was  of  12-inch  galvanized-iron  pipe  35  feet  in  height. 

The  furnace  used  in  these  tests  was  representative  of  the  plain 
cast-iron  horseshoe  radiator  type,  without  special  radiating  surfaces, 
corrugations,  or  any  special  devices  for  increasing  either  efficiency  or 
capacity  of  operation.  The  fire  pot  supplied  with  the  furnace  was  of 
the  slotted  type,  but  fire  clay  fillers  were  used  to  close  the  slots.  For 
complete  data  on  the  furnace  shown  in  the  figures  see  the  first  page 
of  Table  1. 

The  following  equipment  was  used  in  the  tests  of  the  furnace : 
coal  and  ash  weighing  and  sampling  equipment,  air  measuring  de- 
vices and  calibrating  equipment  for  same,  temperature  measurement 
equipment,  temperature  and  draft  controlling  equipment,  draft  indi- 
cating and  recording  gages,  carbon  dioxide  indicating  and  recording 
apparatus,  and  a  Wahlen  gage.  The  method  of  furnace  testing  is 
given  in  Section  V  of  this  bulletin. 

The  air  measuring  equipment  is  shown  in  the  photographic  views 
of  the  plant,  Figs.  9  and  12,  and  in  the  sectional  elevations,  Figs.  10 
and  11.  This  apparatus  consisted  of  an  anemometer  with  its  special 
register  traversing  carriage,  a  cold-air  register  cover  plate  with  felt 
gasket  and  clamping  screws,  an  air  supply  pipe  and  damper,  shown 
entering  the  side  of  the  casing  near  the  floor,  a  motor-driven  blower 
and  speed  regulating  rheostat,  a  10-1/32  inch  air  measuring  pipe  with 
its  vertical  Pitot  tube  and  piezometer  ring  and  thermometer,  and  the 
Wahlen  gage.     The  blower  was  used  to  supply  a  definite  amount  of 
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Fig.  10.     Sectional  Elevation  ani>  Data  Sheet  of  Pipeless  Furnace 
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?l 


Fig.  12.    Pipeless  Furnace  Register,  Anemometer,  and  Carriage 


INVESTIGATION  OF  WARM-AIR  FURNACES  AND  HEATING  SYSTEMS       33 

air,  which  was  measured  by  means  of  the  Pitot  tube  and  the  Wahlen 
gage,  and  this  air  was  then  delivered  to  the  furnace  and  out  through 
the  warm-air  register.  At  the  register,  the  anemometer  was  used  to 
traverse  the  area  and  so  determine  the  mean  velocity  of  the  air  passing 
the  register  grille.  The  speed  control  of  the  blower  motor  made  it 
possible  to  reproduce  any  desired  velocity  of  outflow,  and  a  calibration 
of  the  anemometer  was  made  for  any  given  register  temperature. 
Such  a  calibration  curve  is  reproduced  in  Fig.  13.  This  method  of 
calibrating  the  anemometer  was  particularly  advantageous  because 
it  was  done  under  exactly  the  same  conditions  as  existed  during  a 
test  of  the  furnace. 

The  temperature  measuring  equipment  consisted  of  thermocouples 
for  reading  temperatures  at  points  where  radiation  of  heat  from  the 
furnace  rendered  the  use  of  thermometers  inaccurate.  Thermometers 
were  used  at  such  external  positions  as  were  not  affected  by  radiation. 
A  complete  discussion  of  the  thermocouple  temperature-measurement 
system  is  given  in  Section  VI  of  this  bulletin.  The  central  reading 
station  for  temperatures  indicated  by  thermocouples  may  be  seen  in 
Fig.  2. 
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The  air  temperature  controlling  mechanism  which  operated  the 
draft  dampers  is  described  in  Section  V  of  this  bulletin.  Success- 
ful operation  of  this  device  was  absolutely  necessary  in  all  furnace 
tests,  for  upon  proper  draft  control  depends  the  rate  of  fuel  com- 
bustion, which  affects  outlet  air  temperature,  capacity,  efficiency, 
and  all  other  characteristics  of  operation  of  the  furnace.  The  device 
used  consisted  of  a  special  thermostatic  element  and  mechanism  used 
in  conjunction  with  an  electric  motor  for  operation  of  the  air  supply 
damper  and  the  butterfly  damper  in  the  smoke  pipe  of  the  furnace. 
Details  of  the  device,  described  in  Section  V,  are  shown  in  Fig. 
16.  The  importance  of  maintaining  constant  conditions  in  furnace 
testing  cannot  be  over  emphasized,  and  a  uniform  combustion  rate 
is  absolutely  essential.  Since  draft  is  the  controlling  factor  in  com- 
bustion rate  it  was  found  desirable  to  keep  a  continuous  record  of  the 
operation  of  the  draft  dampers.  The  draft  recorder  drew  automati- 
cally a  chart  which  showed  how  uniform  were  the  periods  of  operation 
of  the  dampers.  Fig.  14  is  a  reproduction  of  a  chart  recorded  in  an 
actual  test.  The  draft  tube  entered  the  smoke  pipe  at  a  point  six 
inches  outside  the  furnace  casing.  The  draft  was  controlled  by  a 
butterfly  damper  in  the  smoke  pipe,  and  the  ash  pit  damper.  The 
check  damper  in  the  smoke  pipe  was  sealed  to  prevent  any  leakage  of 
air  into  the  pipe  with  consequent  errors  in  the  C02  reading.  For  C02 
determinations  a  recording  meter  was  used.* 

In  the  conduct  of  a  test  on  the  pipeless  plant  the  services  of  two 
men  were  required,  except  in  calibrating  the  anemometer,  when  three 
were  necessary. 

12.  Results  of  Tests. — The  complete  data  and  calculations  for 
the  series  of  twelve  tests  of  the  pipeless  furnace  are  shown  in  tabulated 
form  in  Table  1.  Test  No.  1  was  a  preliminary  test  following  the 
erection  of  the  plant.  Results  of  tests  Nos.  2  and  3  were  given  out  at 
the  time  of  the  Cleveland  Meeting  of  the  National  Warm-Air  Heating 
and  Ventilating  Association,  April  21,  1920.  Tests  Nos.  4,  5,  6,  7,  and 
8,  were  made  for  the  purpose  of  establishing  performance  curves  for 
the  furnace  over  a  wide  range  of  combustion  rates.  Test  No.  9  was 
made  without  a  warm-air  register  grille  in  place.  In  test  No.  10  the 
fire  clay  was  removed  from  the  slots  in  the  fire  pot  and  hard  coal  was 


*  "Report  of   Progress  in   Warm-Air  Furnace  Research."   Univ.   of   111.   Eng.   Exp.   Sta., 
Bui.   112. 
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Fig.  14.     Typical  Draft  Recorder  Chart  for  Pipeless  Furna 
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Table  1 
DATA  AND  EESULT  SHEET  FOR  TWELVE  PIPELESS  FURNACE  TESTS 
At  Mech.  Eng'r'g  Laboratory,  University  of  Illinois,  Vrbana,  III. 

GENERAL   DATA 

Built  by,  omitted  Builder's  No.,  omitted. 

Type   of   Furnace,   cast-iron,    horseshoe   radiator,    slottcd-pot,    slots   sealed   with 

fireclay  except  test  No.  10  and  12. 

Type  of  Inner  and  Outer  Casings,  all  galvanised  iron,  inner  casing  1-inch  air 

space,  feed  neck  not  in  cold-air  space. 

Type  of  Grates,  duplex,  ball-bearing,  with  shaking  ring. 

Type  of  Chimney,  galvanized-iron. 

Type  of  Register,  cast-iron,  two  piece. 

Rated  Capacity,  Hfgrs.,  40  000  cu.  ft.  of  space. 

DIMENSIONS 

Fire  pot  diameter  at  top   28  in.,  at  bottom  22  in. 

Grate  area   2.G4  sq.  ft. 

Diameter  of  outer  casing   64  in. 

Diameter  of  inner  casing,  net  inside  52  in. 

Thickness  of  inner  casing    1-inch   air  space 

Diameter  of  radiator    45  in. 

Distance  from  outside  of  radiator  to  inner  casing    3%    (mean)    in. 

Distance  between  inner  and   outer   casing    5  in. 

Distance  from  floor  to  bottom  of  inner  casing   HM  in. 

Least  free  area  across  inner  casing 894  sq.  in.,  6.21  sq.  ft. 

Least  free  area  between  inner  and  outer  casing 693  sq.  in.,  4.81  sq.  ft. 

Ratio  of  cold-air  free  area  to  hot-air  free  area 0.774 

Throat  diameter  below  register  net  28  in. 

Width  and  length  of  cold-air  register 39%  in.  x  39%  in. 

Net  free  area  of  cold-air  register 488  sq.  in.,  3.39  sq.  ft. 

Diameter    of   hot-air    register    29%    in. 

Net  free  area  of  hot-air  register 408  sq.  in.,  2.83  sq.  ft. 

Ratio  free  area  to  gross  area  of  register cold  air  0.601 — hot  air  0.630. 

Ratio  free  area  of  cold-air  to  free  area  of  hot-air  register 1£0 

Diameter  of  smoke  pipe   10  in. 

Height  of  chimney   35  it. 
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Table  No.  1  (Continued,) 


No 


Name  of  Item  with  t'nits 


Test    No. 

1 
Date 


1.  Duration  of  teat,  hr 

2.  Barometer,  inches  of  mercury 

3.  Kind  of  coal 

4.  Size  of  coal 

5.  Proximate  analysis  of  coal  as  fired,  per  cent: 

6.  Fixed  carbon 

7.  f   Volatile  matter 

8.  t   Moisture 

9.  \    Ash 

10.  Sulphur,  separately  determined 

11.  Calorific  value  of  coal  as  fired,  by  oxygen  calorimeter,  B.t.u. 

per  lb 

12.  Ultimate  analysis  of  coal  as  fired,  per  cent: 

13.  Carbon 

14.  Hydrogen 

15.  Oxygen 

1 6.  Nitrogen 

17.  Sulphur 

IS.         Moisture 

19.  Ash 

20.  Analysis  of  dry  refuse  at  end  of  test,  per  cent : 

21.  Fixed  carbon 

22.  Volatile  matter 

23.  Earthy  matter 

24.  Calorific  value  B.t.u.  per  lb 

25.  Draft  at  smoke  outlet,  in.  of  water   

26.  Temperature  of  outside  air,  degrees  F 

27.  Temperature  of  air  entering  ash  pit.,  degrees  F 

28.  Temperature  of  inlet  air  at  register  face,  dry  bulb  degrees  F 

29.  Temperature  of  inlet  air  at  register  face,  wet  bulb  degrees  F 

30.  Temperature  of  outlet  air  at  register  face,  degrees  F 

31.  Temperature  rise  of  air  from  inlet  to  outlet,  degrees  F 

32  Equivalent  outlet  temperature  at  register  face  above  65°  inlet, 

degrees  F 

33.  Temperature  of  cold  air  at  bottom  of  inner  casing,  degrees  F.  . . . 

34.  Temperature  of  outer  casing  opposits  center  of  fire  pot,  degrees  F 

35.  Temperature  of  outer  casing  0  ins.  above  floor,  degrees  F 

36.  Temperature  of  flue  gas,  degrees  F 

37.  Velocity  through  free  area  of  outlet  register,  ft.  per  min 

38.  Velocity  through  minimum  free  area  of  furnace,  ft.  per  min 

39.  Velocity  through  minimum  free  area  of  outer  casing,  ft.  per  min. .  . 

40.  Velocity  through  free  area  of  inlet  register,  ft.  per  min 

41.  Volume  of  air  leaving  hot-air  register,  measured  at  the  actual 

register  temperature,  cu.  ft.  per  hr 

42.  Volume  of  air  leaving  hot-air  register,  measured  at  the  equivalent 

register  temperature,  cu.  ft.  per  hr 

43.  Density  of  air  entering  cold-air  register,  lb.  per  cu.  ft 

44.  Density  of  air  leaving  hot-air  register,  lb.  per  cu.  ft 

45.  Weight  of  air  circulated  per  hr.,  lb 

46.  Weight  of  air  circulated  per  lb.  of  coal  burned,  lb 

47.  Weight  of  air  circulated  per  10,000  B.t.u.  supplied  in  coal,  lb. .  .  . 

48.  Weight  of  coal  fired,  total,  lb 

49.  Weight  of  dry  refuse  at  end  of  test,  total,  lb 

50.  Weight  of  equivalent  coal  in  refuse,  lb 

51.  Net  weight  of  coal  burned  during  test,  lb 

52.  Combustion  rate,  pounds  of  coal  burned,  per  sq.  ft.  of  grate  per  hr 

53.  Heat  developed  by  net  coal  burned  per  hr.,  B.t.u 

54.  Heat  put  into  air  between  inlet  and  outlet  per  hr.,  B.t.u 

55.  Heat  available  above  70°  F.  for  heating  house  per  hr.,  B.t.u 

56.  Heat  put  into  air  between  inlet  register  and  bottom  of  inner  casing 

per  hr.,  B.t.u 

57.  Total  heat  put  into  air  which  is  transmitted  by  inner  casing  to 

entering  air,  per  cent 

58.  Overall  efficiency  of  furnace,  per  cent 

59.  Carbon  dioxide  in  flue  gas,  per  cent 

00.  Oxygen  in  flue  gas,  per  cent 

61.  Heat  lost  in  flue  gas  per  lb.  of  coal  burned,  B.t.u 

62.  Heat  lost  by  radiation  and   "unaccounted  for,"  per  lb.  of  coal 

burned,  B.t.u 

63.  Heat  lost  in  flue  gas,  per  cent 

64.  Heat  lost  by  radiation  and  "unaccounted  for,"  per  cent 


Scranton 
Stove  siz 


Test    No.Tcst    No 

2  3 

4-15-1920  4-17-1920 


12 

28.90 

Anthraci 


78.98 
0.19 
1.44 

13.39 
0.81 

12  791 

79.50 
2.43 
1.68 
0.75 
0.81 
1.44 

13.39 

71.26 
2.14 
26.60 
10  782 
0.046 


79.8 


192.0 
112.2 


177.2 
96.0 


543 
368 
168 
179 
254 

62  500 

61000 
0.0709 
0.0587 

3670 

304 

238 

250 

124.5 
105.1 
144.9 

4.57 
154  200 
98  800 
94  500 

14  280 

14.5 
64.0 
16.0 
3.5 
1867 

2740 
14.6 
21.4 


12 
29.14 


12  791 


73.59 
2.00 
24.41 
11  136 
0.050 


78.9 


184.0 
105.1 


170.1 
94.5 


524 
344 
157 
170 
241 

58  500 

57  300 

0.0715 

0.0598 

3500 

298 

233 

250 

125.2 

109.2 

140  8 

4.43 

150  000 

88  300 

84  000 

13  120 

14.0 
58.8 
15.0 
4.5 
1893 

3375 
14.8 
26.4 
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Table  No.  1  (Continued) 


Test  No. 

Test  No. 

Test  No. 

Test  No. 

Test  No. 

Test    No 

Test    No 

Test    No 

Test    No. 

4 

5 

6 

7 

8 

t9 

*10 

11 

*12 

10-20-1920 

10-22-1920 

10-25-1920 

10-26-1920 

10-27-1920 

12-9-1920 

1-28-1921 

1-31-192C 

2-3-1921 

7 

8 

9 

10 

12 

10 

9 

36 

36 

29.54 

29.45 

29.28 

29.08 

29.04 

1     29.39 

29.40 

29.60 

29.30 

Scranton  A 

nthracite    (, 

Tests  1  to  1 

0  inclusive) 

1 

Frankl 

n  County 

Stove  Size 

Bitumin. 

50.21 

34.83 

6.77 

8.19 

1.04 

12  459 





12  791 

1 

12  791 

12  791 

12  791 

12  791 

12  791 

12  791 

12  459  . 

69.46 
4.78 
8.38 
1.38 
1.04 
6.77 

8.19 
2.54 

62.88 

74.24 

2.18 

23.58 

10  79 

1.76 

35.36 

97.46 

89.21 

9169 

9200 

9600 

10,5.30 

11,277 

10,500 

10,000 

370 

1575 

0.158 

0.141 

0.122 

0.085 

0.069 

0.090 

0.17 

0.055 

0.060 

85.0 

84.0 

70.6 

73.1 

68.3 

76.8 

77.5 

80.3 

84.5 

90.3 

88.5 

80.5 

75.8 

69.8 

79.0 

80.4 

82.0 

86.9 

279.0 

263.0 

247.0 

216.0 

190.0 

217  0 

2i9.0 

221.5 

227.0 

188.7 

174.5 

166.5 

140.2 

120.2 

138.0 

138.6 

139.5 

140.1 

253.7 

239.5 

231.5 

20").  2 

185.2 

203.0 

203.0 

204  .') 

205.1 

137.0 

129.0 

110  0 

104.0 

97.0 

107.0 

113.4 

110.0 

116.0 

900 

825 

758 

655 

520 

7,11 

731 

733 

719 

444 

434 

412 

386 

341 

240 

341 

355 

339 

202 

198 

188 

176 

155 

ISO 

155 

162 

154 

195 

193 

185 

180 

164 

1S5 

100 

161 

159 

276 

274 

262 

255 

232 

202 

227 

235 

225 

75  400 

73  600 

69  900 

65  500      ' 

57  900 

07  000 

58  000 

60  250 

57  500 

72  850 

71200 

68  400 

64  500 

57  500 

65  800 

56  700 

58  800 

55  700 

0.0710 

0.0710 

0.0717 

0.0718 

0.0726 

0.0723 

0.0718    i 

0.0722 

0.0708 

0.0529 

0.0538 

0.0548 

0.0569      ! 

0.0592 

0.0575 

0.0572 

0.0574 

0.0564 

3990 

3960 

3830 

3730 

3430 

3855 

3320 

3400 

3240 

150.0 

171.0 

195.0 

247.0 

282.0 

252.0     ' 

201.0 

182.5 

203.0 

118.0 

134.0 

152.0 

193.0 

220.0 

197.0 

157.0 

146.5 

163.0 

250 

250 

250 

250 

250 

250 

250 

684 

579 

89.7 

90.5 

98.0 

120.5 

124.5 

118.8 

122.2 

39.0 

33.0 

64.1 

65.0 

73.5 

99.2 

103.8 

97.2 

101.0 

1.0 

4.0 

185.9 

185.0 

176.5 

150.8 

146.2 

152.8 

149.0 

683.0 

575.0 

10.05 

8.75 

7.43 

5.71 

4.61 

5.79 

6.20 

7.18 

605 

339  600 

296  000 

251  000 

192  800 

155  900 

195  100 

212  000 

230  400 

199  000 

180  800 

166  000 

153  000 

125  500 

99  000 

127  600 

110  500 

115  900 

109  000 

175  800 

161  200 

148  500 

120  800 

94  700 

123  200 

106  500 

111  700 

105  000 

44  800 

38  500 

27  100 

25  230 

19  100 

24  050 

20  300 

23  250 

22  600 

24.8 

23.2 

17.7 

20.1 

19.3 

18.9 

23.8 

20.1 

20.8 

53.4 

56.1 

01.0 

65.1 

63.5 

65.3 

52.1 

49.2 

54.8 

15.0 

15.0 

14.0 

15.0 

14.0 

14.0 

S.5 

15.0 

13.1 

4.5 

4.5 

5.5 

4.5 

5.5 

5.5 

11.0 

3.0 

4.9 

3008 

2701 

2679 

2210 

1838 

21s.-, 

3874 

2336 

2775 

2952 

2910 

2307 

2251 

2832 

1956 

2257 

3993 

2854 

234 

21.1 

21.0 

17.3 

14.4 

19.4 

30.3 

18.8 

22  3 

23.2 

22.8 

18.0 

17.6 

OO  1 

15.3      | 

17.0 

32.0 

22  9 

*  BSlou  iii  hre-pot  open. 


1  iNu  register  Kiille  al  outlet. 
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used.  Tests  Nos.  11  and  12  were  made  with  soft  coal  with  slots  closed 
and  open,  respectively. 

The  data  compiled  in  Table  1  were  arranged  in  accordance  with 
the  Pipeless  Furnace  Testing  Code,  which  is  discussed  in  Section  V 
of  this  bulletin.  This  section  deals  with  the  methods  used  in  all  these 
tests. 

It  will  be  noted  that  in  all  the  hard  coal  tests,  Nos.  1  to  10  in- 
clusive, the  fuel  was  taken  from  the  same  supply.  The  analysis  given 
in  the  table  was  made  from  a  representative  sample  taken  from  thirty 
tons  of  Scranton  stove  size  anthacite  coal.  Analyses  of  the  ash  and 
refuse  were  not  made  for  all  tests.  Instead  the  data  on  ' '  Heat  Value  of 
Residual"  (See  Section  V)  were  used  for  determination  of  the  heat- 
ing value  of  the  ash  and  refuse. 

13.  Performance  Curves  from  Pipeless  Furnace  Plant. — The 
tests  Nos.  4  to  8  inclusive  were  made  for  the  purpose  of  obtaining 
complete  performance  data  for  the  furnace  and  were  the  most  im- 
portant of  the  series.  The  principal  performance  data  obtained  from 
the  tests  have  been  plotted  in  curve  form,  Fig.  15.     These  curves 
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Fig.  15.     Performance  Curves  for  Pipeless  Furnace 
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emphasize  the  following  factors,  all  of  which  are  essential  to  the 
proper  design,  installation,  and  operation  of  a  furnace : 

(a)  the  rate  of  combustion  (pounds  of  coal  burned  per 
square  foot  of  grate  per  hour)  ; 

(b)  the  efficiency  of  the  furnace  (ratio  of  heat  put  into  air 
passing  furnace  to  total  heat  value  of  coal  burned,  usually  ex- 
pressed as  a  percentage)  ; 

(c)  the  capacity  of  furnace  in  B.t.u.  (British  thermal  units) 
per  hour,  which  is  the  heat  put  into  air  passing  through  furnace 
per  hour; 

(d)  the  equivalent  register  temperature  of  air  leaving  reg- 
ister based  upon  65  degrees  Fahrenheit  inlet  temperature;  to  get 
the  actual  rise  in  temperature  it  is  only  necessary  to  subtract  65 
from  these  register  temperature  values ; 

(e)  the  draft  at  the  smoke  outlet  of  the  furnace  in  inches 
of  water,  which  indicates  the  great  importance  of  providing  a 
satisfactory  chimney  if  the  full  capacity  of  the  furnace  is  to  be 
realized.  This  curve  also  shows  that  capacity  is  entirely  depend- 
ent on  draft  for  a  given  furnace  and  a  given  coal. 

Since  draft  is  the  controlling  factor  in  testing  it  is  desirable  to 
consider  an  example  of  its  effect.  Refer  to  Fig.  15,  and  select  a  com- 
bustion rate  of  5.5  pounds  of  coal  per  sq.  ft.  of  grate  per  hour,  and 
obtain  the  following  values  from  the  curves : 

1.  Combustion  rate  =  5.5  pounds  per  sq.  ft.  grate  per  hour. 

2.  Draft  =  0.085  inches  water. 

3.  Efficiency  -=  65  per  cent. 

4.  Heating  capacity  =  121  000  B.t.u.  per  hour. 

Now  assume  that  a  better  chimney  is  provided  and  that  the  draft  is 
thereby  increased.  Note  then  the  following  results  corresponding, 
for  this  furnace,  to  a  draft  of  0.155  inch  of  water: 

1.  Combustion  rate  =  9.8  pounds  per  sq.  ft.  grate  per  hour, 

an  increase  of  78  per  cent. 

2.  Draft  =  0.155  inches  water,  by  hypothesis. 

3.  Efficiency  =  53  per  cent,  a  marked  decrease;   but 

4.  Capacity  =  178  000  B.t.u.  per  hour,  an  increase  of  47 

per  cent;   and 

5.  Equivalent  register  temperature  =  252  deg.  F.,  an  in- 

crease of  25  per  cent. 
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It  will  also  be  evident  that  high  capacity  from  this  furnace  was 
attained  at  a  loss  in  efficiency.  In  the  above  example,  an  increase  in 
capacity  of  47  per  cent  was  indicated,  but  the  increase  was  obtained 
by  an  increase  in  the  coal  burning  rate  of  78  per  cent.  It  should  be 
borne  in  mind  that  the  efficiency  of  a  pipeless  furnace  may  safely  be 
estimated  as  higher  than  is  indicated  by  the  curve,  because  of  the 
large  amount  of  heat  energy  radiated  through  the  register  that  is 
not  measurable,  but  is  useful  in  heating.  This  has  been  estimated  at 
9  per  cent,  as  stated  in  the  discussion  of  heat  losses  from  a  pipeless 
furnace,  Section  X. 

The  significant  conclusions  arrived  at  by  this  method  of  showing 
rating  and  performance  data  are  of  the  greatest  value  in  aiding  in  the 
selection  of  the  proper  furnace,  or  in  comparing  two  furnaces,  or  a 
furnace  and  boiler.  As  an  example,  assume  that  the  heat  loss  from 
a  certain  house  is  170  000  B.t.u.  per  hour  in  the  very  coldest  weather, 
which  lasts  for  only  a  few  hours,  and  that  the  heat  loss  under  average 
cold  weather  conditions,  which  last  for  many  hours,  is  only  about 
two-thirds  of  this,  or  113  000  B.t.u.  per  hour.  It  will  be  at  once  ap- 
parent that  this  furnace  will  handle  the  average  cold  weather  load  at 
very  nearly  its  highest  efficiency,  which  the  efficiency  curve  shows  to 
be  65  per  cent,  at  about  this  rating. 

This  same  furnace,  as  shown  by  the  rating  and  performance 
curves,  has  a  heating  capacity  of  178  000  B.t.u.  when  burning  coal 
at  a  combustion  rate  of  9.8  pounds  per  square  foot  of  grate  with 
a  draft  of  0.155  inches  water.  It  would  also,  therefore,  readily 
handle  the  severest  heating  load  during  the  winter,  provided  the 
chimney  in  the  house  could  develop  a  draft  of  0.155  inches  of  water. 

The  furnace  would,  of  course,  be  operating  in  the  latter  case  at 
an  efficiency  of  only  53  per  cent,  with  an  outlet  register  temperature 
of  252  deg.  F.,  as  shown  by  the  curves  at  9.8  pounds  combustion  rate. 
This  reduced  efficiency  and  high  register  temperature  are  not  serious 
matters,  however,  as  the  very  severe  conditions  last  only  a  few  hours. 

It  should  be  noted  that  in  the  example  just  discussed  not  only  has 
the  register  temperature  increased  from  203  deg.  to  252  deg.  F.,  but 
the  weight  and  volume  of  air  passing  the  furnace  has  also  increased. 

In  Table  1  may  be  found  much  data  which  will  be  useful  in  the 
design,  selection,  and  operation  of  a  furnace,  such  as  flue  gas  tem- 
perature and  heat  loss,  extent  of  premature  heating  of  air  in  the 
outer  casing,  total  heat  loss  from  the  furnace,  air  handling  capacity 
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in  cubic  feet  and  in  pounds,  velocity  of  air  movement  at  various 
points  in  the  system,  and  percentage  of  fuel  consumed  for  a  wide 
range  of  furnace  operation. 

Test  No.  10,  made  with  a  slotted  pot,  makes  it  plain  that  the 
slotted  fire  pot  should  not  be  used  with  hard  coal  as  fuel.  By  compar- 
ing the  tabulated  data  of  this  test  with  that  of  test  No.  7,  in  which  the 
same  air  temperature-rise  was  maintained,  it  may  be  seen  that  the 
heating  capacity  fell  from  125  000  to  110  000  B.t.u.  per  hour,  that 
the  open-slotted  pot  efficiency  was  only  52  per  cent,  as  against  61 
per  cent  for  the  closed-slotted  pot,  that  much  more  coal  was  consumed 
(in  the  ratio  of  6.26  to  5.71),  and  that  in  order  to  maintain  this  extra 
rate  of  combustion  a  draft  of  0.17  inches  of  water,  as  against  0.085 
inches  in  the  closed-slotted  pot,  was  necessary.  This  indicates  that  in 
installations  in  which  good  chimneys  are  not  provided  it  would  be 
difficult  to  burn  hard  coal  in  an  open-slotted-pot  furnace. 

Tests  Nos.  11  and  12  were  run  with  a  good  grade  of  Illinois 
bituminous  coal  with  closed-slotted  and  with  open-slotted  pot,  re- 
spectively. Some  advantage  is  shown  for  the  open-slotted  pot  in 
these  tests.  A  discussion  of  the  effect  of  the  slots  upon  furnace  per- 
formance is  included  in  Section  XII  of  this  bulletin.  These  two  tests 
were  of  36  hours  duration  each,  and  the  experience  with  them  indicates 
that  on  account  of  difficulties  of  gaging  the  fire  condition  at  the  be- 
ginning and  end  of  tests,  a  test  period  of  more  than  36  hours  is 
advisable.  For  purposes  of  comparison  between  the  soft  coal  and 
hard  coal  tests  reference  should  be  made  to  tests  Nos.  11  and  7 
respectively. 

Test  No.  9  was  made  as  a  check  upon  test  No.  7,  except  that  the 
register  grille  was  removed  in  test  No.  9  for  the  purpose  of  observing 
the  effect  of  the  grille  in  decreasing  the  air  handling  capacity.  A 
discussion  of  this  effect  is  given  under  Section  XIII  in  the  para- 
graphs on  losses  in  register  grilles. 

In  Section  III  on  the  Piped  Furnace  Plant  are  shown  a  set  of 
performance  curves  (Fig.  6),  which  will  serve  for  comparison  with  the 
performance  curves  of  the  pipeless  furnace.  For  further  comparison 
of  piped  and  pipeless  furnaces  the  data  given  in  Table  1  should  be 
compared  with  the  data  given  for  piped  furnaces  in  a  former  bulle- 
tin.*    It  must  be  borne  in  mind  that  the  two  furnaces,  although 


•"Report  of  Progress  in   Warm-Air   Furnace   Research."      Univ.   of  111.   Eng.   Exp.   Sta., 
Bui.  112,  Table  5,  p.  42,   1919. 
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similar,  were  not  identical  in  castings  sizes,  and  any  close  comparisons 
are  hardly  justified. 

14.  Proportions  of  Casings  for  Pipeless  Furnaces. — The  ques- 
tion of  the  proper  proportions  of  the  casings  for  pipeless  furnaces 
has  been  given  some  consideration  but  as  yet  very  little  actual  data 
have  been  obtained.  From  the  purely  theoretical  standpoint,  the  air 
should  be  taken  at  the  bottom  of  the  inner  casing  from  a  large  reser- 
voir of  cold  air  where  the  velocity  is  zero.  This  is  impracticable,  how- 
ever, because  air  must  not  be  taken  from  the  basement  floor,  for 
sanitary  reasons.  Moreover,  the  radiation  from  the  fire  pot  heats  the 
inner  casing  of  a  pipeless  furnace,  and  the  air  must  therefore  move 
over  the  casing  surface  at  some  velocity  in  order  to  absorb  this  heat  and 
deliver  it  into  the  space  to  be  heated.  Any  heat  absorbed  by  the  down- 
coming  air,  of  course,  decreases  the  capacity  somewhat,  because  the 
air  should  be  cold  at  the  bottom  of  the  casing  in  order  to  obtain  the 
maximum  difference  in  density  of  the  air  column  inside  and  outside 
the  furnace,  or  in  other  words  to  obtain  the  maximum  driving  head. 
Since  some  velocity  downward  over  the  surface  of  the  inner  casing  is 
necessary,  the  question  arises  as  to  exactly  what  velocity  should  be 
maintained. 

In  order  to  reduce  the  head  loss  through  the  furnace  to  a  mini- 
mum, there  should  be  as  few  changes  in  velocity  as  possible,  since 
every  velocity  change  entails  loss  of  head.  This  condition  is  realized 
when  the  ratio  between  the  minimum  free  area  across  the  inner  casing 
and  the  area  between  the  two  casings  is  made  equal  to  the  inverse  ratio 
of  the  densities  of  the  air  in  the  two  spaces.  The  air  leaves  the 
register  in  the  average  pipeless  furnace  at  approximately  220  deg.  F., 
and  enters  the  cold  air  face  at  approximately  70  deg.  F.  The  corre- 
sponding densities  are  0.0584  and  0.0749.     Hence  the  area  between 

casings  should  be  made  about  n  n7zlQ-  =  0-78  of  the  free  area  through 

the  inner  casing.  These  proportions  have  proved  satisfactory  in 
practice.  If  the  area  between  casings  is  made  materially  larger  than 
0.9  of  the  free  area  through  the  inner  casing,  the  downward  move- 
ment of  air  in  the  cold-air  space  becomes  less  positive,  and  finally  a 
point  is  reached  where  eddy  currents  are  set  up.  These  eddies  cany 
heat  directly  from  the  inner  casing  to  the  outer  casing,  thus  increasing 
the  heat  loss,  and  decreasing  the  efficiency.    At  the  same  time  the  air 
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becomes  more  heated  between  the  casings,  decreasing  the  difference 
between  the  densities  of  the  air  inside  the  inner  casing  and  of  that 
between  the  casings,  respectively,  thereby  reducing  the  available  head. 
The  eddy  currents  also  serve  to  use  up  more  of  the  available  head 
under  which  the  furnace  is  operating.  How  far  the  ratio  under  dis- 
cussion may  be  increased  before  eddy  currents  appear  has  not  been 
determined. 

Table  2  gives  the  results  of  four  tests  made  with  the  same  set  of 
castings  encased  in  three  different  ways. 

In  the  first  test,  a  furnace  was  used  in  which  the  inner  casing 
was  of  black  iron  lined  with  asbestos  and  corrugated  tin.  The  pro- 
portion between  the  cold-air  and  warm-air  areas  was  about  correct,  but 
the  casings  were  too  small  for  the  castings  used.  Increasing  the  cold-air 
space  for  test  No.  2  increased  the  capacity.  The  cold-air  space  was 
increased  entirely  too  much.  This  resulted  in  the  eddy  currents 
already  referred  to  transferring  heat  to  the  outer  casing,  as  shoM'n 
by  the  fact  that  the  casing  temperature  increased  from  111  deg.  F. 
to  132  deg.  F.  The  efficiency  was  reduced  from  53.5  to  48.1  per  cent 
by  this  loss  of  heat.  The  increased  flue  gas  temperature  due  to  the 
increased  combustion  rate  also  tended  to  decrease  the  efficiency.  Ap- 
parentty  the  decrease  in  resistance  through  the  furnace  resulting  from 
opening  up  the  cold-air  space  was  more  than  sufficient  to  offset  not 
only  the  handicap  of  the  eddy  currents  in  the  cold-air  space,  but  also 
the  fa%ct  that  the  air  was  delivered  to  the  bottom  of  the  casing  at  a  much 
higher  temperature  in  the  second  ease,  since  the  capacity  increased 
from  65  400  to  88  750  B.t.u.  per  hour. 

For  test  No.  3,  the  asbestos  and  tin  lined  inner  casing  was  re- 
tained, but  the  free  area  on  the  warm-air  side  was  made  larger,  and 
the  cold-air  space  given  the  proper  proportion  of  area.  This  raised 
the  capacity  to  96  300  B.t.u.  per  hour.  The  temperature  of  the  outer 
casing  was  reduced  to  99  deg.  F.  and  the  efficiency  increased  to  54 
per  cent.  For  test  No.  4,  the  warm-air  area  was  still  further  increased 
and  a  double  inner  casing  with  a  1-inch  air  space  was  used.  The 
capacity  was  raised  to  99  000  B.t.u.  per  hour.  The  casing  loss  was 
materially  decreased,  the  casing  temperature  being  reduced  to  90 
deg,  F.  At  the  same  time,  much  less  heat  was  put  into  the  air  before 
it  reached  the  bottom  of  the  casing  than  in  the  other  cases.  The  high 
flue  gas  temperature  resulting  from  the  high  combustion  rate  neces- 
sarily reduced  the  efficiency  to  51.3  per  cent,  but  the  furnace  used  in 
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test  No.  4  still  compares  favorably  with  the  other  furnaces,  and  is 
much  better  than  the  one  used  in  test  No.  2.  Taking  all  factors  into 
consideration,  the  fourth  furnace  is  the  best  one  tested. 

Some  work  has  been  done  to  determine  the  proper  height  from  the 
floor  for  the  bottom  of  the  inner  casing.  By  using  smoke  bombs  at 
the  cold  air  face  and  observing  through  a  glass  window  at  the  bottom 
of  the  outer  casing  the  path  taken  by  the  smoke,  it  was  found  that 
all  the  air  makes  the  turn  at  the  bottom  within  a  space  of  8  inches. 
If  the  height  of  the  bottom  of  the  inner  casing  was  greater  than  this  a 
clear  space  was  observed  along  the  floor.  Therefore,  from  7  to  9 
inches  is  considered  the  correct  height.  This  causes  the  air  to  sweep 
along  the  floor  when  the  turn  is  made  and  allows  it  to  absorb  some  of 
the  heat  which  the  floor  has  received  as  radiation  from  the  fire-pot. 

In  proportioning  the  registers  for  a  pipeless  furnace,  a  logical 
rule  seems  to  be  that  the  mean  between  the  warm-air  throat  area  and 
the  free  area  of  the  warm-air  register  face  should  be  equal  to  the 
minimum  free  area  of  the  warm-air  space  across  the  inner  casing. 
These  were  the  proportions  used  in  the  best  furnaces  discussed  in  the 
preceding  paragraphs.  No  attempt  has  been  made  to  isolate  this  as 
a  single  factor,  however,  but  such  a  practice  will  result  in  the  mini- 
mum velocity  change  in  the  air  flow  at  these  three  levels. 
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V.     Method  of  Testing  Warm-Air  Furnaces 

15.  Quantities  to  be  Measured. — The  complete  test  of  a  warm-air 
furnace  involves  the  measurement  of  three  principal  quantities.  Th&se 
are: 

(a)  the  weight  of  coal  or  other  fuel  actually  burned  dur- 
ing the  test ; 

(b)  the  rise  in  temperature  of  the  air  passing  through  the 
furnace  casing; 

(c)  the  weight  of  air   passing  through  the  casing  during 
the  test. 

Since  either  hard  or  soft  coal  may  be  used  in  operating  furnaces, 
the  testing  procedure  must  provide  for  both  fuels. 

16.  Tests  with  Hard  Coal  as  Fuel. — For  the  tests  with  anthra- 
cite, a  single  charge  of  coal  was  used,  and  the  firing  period  was  deter- 
mined by  the  time  required  to  burn  out  this  charge.  The  fire  was  not 
disturbed  after  the  last  shovelful  of  coal  was  fired.  In  no  case  was  a 
test  continued  for  a  longer  time  than  that  required  to  leave  a  20  per 
cent  reserve  of  fuel  for  the  next  firing,  and  in  some  cases  of  low  com- 
bustion rates  the  length  of  test  was  arbitrarily  made  12  hours.  The 
normal  firing  period  was  about  8  hours. 

A  depth  of  fuel  bed  of  17  inches  brought  the  top  of  the  bed  level 
with  the  feed  neck.  This  amount  of  coal  was  determined  upon  as  the 
normal  charge,  and  amounted  to  250  lb.,  which  was  used  in  all  cases. 

In  starting  a  test,  a  charge  of  dry  wood  equal  in  weight  to  10 
per  cent  of  the  fuel  charge  was  first  fired.  This  charge  was  allowed 
to  burn  for  about  10  minutes,  and  then  the  coal  was  fired.  The  test 
started  when  the  first  coal  was  fired,  and  with  the  ash  pit  clean. 
In  some  of  the  earlier  tests,  the  coal  charge  was  divided  into  three 
parts.  The  first  third  was  fired  when  the  wood  had  burned  15  min- 
utes, the  second  third  15  minutes  later,  and  the  last  third  at  the  end 
of  another  15  minutes.  Thus  all  the  coal  was  fired  in  one  half-hour. 
In  the  later  tests,  firing  started  when  the  wood  had  burned  10 
minutes,  and  continued  in  small  amounts  for  about  an  hour,  all  the 
charge  having  been  fired  by  the  end  of  this  time.  In  all  tests 
readings  were  taken  every  5  minutes  for  the  first  hour  or  hour-and-a- 
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half,  and  these  readings  were  plotted  against  time,  the  curve  thus 
obtained  giving  a  record  of  progress  until  the  predetermined  tem- 
perature-rise for  the  test  was  reached.  An  attempt  was  always  made 
to  reach  running  conditions  in  about  an  hour.  After  the  running 
temperature  was  attained,  readings  were  taken  every  30  minutes. 
In  averaging  results,  the  5-minute  readings  were  divided  into  half- 
hour  periods  and  averaged  for  each  half-hour  period ;  these  averages 
were  then  averaged  with  the  rest  of  the  30-minute  readings. 

At  the  close  of  a  test,  the  fire  was  quenched  by  using  a  small 
stream  of  water  from  a  hose,  care  being  taken  to  direct  the  full 
force  of  the  stream  into  the  bed  in  order  to  avoid  cracking  the  cast- 
ings. No  damage  has  ever  resulted  from  this  practice.  In  the  earlier 
tests,  the  residue  left  after  the  fire  had  been  quenched  was  dried  and 
weighed  and  a  sample  taken  for  analysis.  From  this  analysis  the  heat- 
ing value  was  obtained,  and  the  residue  was  reduced  to  terms  of 
equivalent  coal  by  multiplying  the  weight  of  residue  by  the  ratio  of 
the  heating  value  of  the  residue  to  the  heating  value  of  the  coal. 
This  result  was  then  subtracted  from  the  weight  of  coal  fired  and  the 
difference  designated  as  the  net  weight  of  coal  burned  during  the 
test.  (See  item  51  in  the  pipeless  furnace  code  following.)  The 
analyses  showed,  however,  that  practically  all  of  the  combustible  in 
the  residue  was  fixed  carbon.  This  made  it  unnecessary  to  have  an 
analysis  made  each  time,  as  the  heating  value  could  be  directly  cal- 
culated. The  residual  was  taken  from  the  ash  pit  as  usual,  and  very 
thoroughly  dried.  Since  the  draft  was  always  low,  less  than  0.2  inch 
of  water,  all  the  ash  resulting  from  the  original  coal  charge  should 
be  in  the  residual  at  the  end  of  the  test.  If  W,  represents  the  weight 
of  the  coal  charge,  Ax  the  percentage  of  ash  in  the  coal,  and  W  the 

A    W 

weight  of  the  ash  in  the  residual,  then  W  =   — tt^t1-      The  weight  of 

carbon  C  in  the  dry  residual  is  then  =  W2 '      1     in  which  ^Y  2 

=  the  weight  of  the  dry  residual.  Every  pound  of  carbon  has  a 
heating  value  of  14  600  B.t.u.  Let  H1  =  the  heating  value  per  pound 
of  the  coal,  H2  =  the  heating  value  per  pound  of  the  residual,  and  W. 
=  the  equivalent  coal  value  of  the  residual ;   then 
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H. 


14  600/'  Al  W1 

(  w2  - 


Wi 


100 


) 


H2W2   _  14  600/        _AjWj\ 
3  Hx  H,.     V  10°  / 

The  net  weight  of  coal  burned  in  test  =  Wx  -  W3. 

It  is  believed  that  the  error  in  using  this  method  is  less  than  the 
combined  error  of  sampling  and  analyzing,  since  it  is  rather  difficult 
to  obtain  a  truly  representative  sample.  Table  3  shows  a  comparison 
of  the  weight  of  equivalent  coal  calculated  from  the  analysis  of  the 
residual  and  by  the  preceding  method. 

It  may  be  noted  that  the  greatest  difference  is  approximately 
one  per  cent,  if  test  No.  3  is  excluded.  It  is  probable  that  the  error 
in  test  No.  3  occurred  in  sampling  the  residual. 

Table  3 

Comparison  of  Results  Obtained  by  Different  Methods  of 
Determining  Weight  of  Coal  Burned 


Test 
No. 

Heating  Value  of 

Residual  by  Analysis 

B.t.u.  per  lb. 

Coal  Burned 

Calculated  from 
Chemical  Analysis,  Lb. 

Coal  Burned 

Calculated  from 

Formula,  Lb. 

2 
3 

4 

8 

10  328 

10  989 
8  563 

11  215 

105.1 

109.1 

64.3 

104.2 

103.8 

104.5 

64.1 

103.8 

17.  Tests  with  Soft  Coal  as  Fuel. — In  the  case  of  anthracite  coal, 
the  fuel  bed  required  no  attention  after  all  the  coal  was  fired.  For 
bituminous  coal,  however,  the  case  was  different.  A  thinner  bed  was 
required,  and  unless  it  was  given  attention  the  coal  burned  unevenly 
and  formed  holes  in  the  fire,  with  a  consequent  reduction  in  effi- 
ciency. If  an  attempt  was  made  to  start  with  clean  grates  and  to 
fire  a  large  charge,  it  was  found  to  be  impossible  to  control  the  tem- 
perature at  the  register  face  for  the  first  2y2  hours  or  more.  A 
temperature  much  too  high  would  be  attained  at  the  start  and  thus 
unbalance  test  conditions  for  the  remainder  of  the  test.  A  different 
method,  therefore,  had  to  be  adopted. 

It  was  estimated  that  an  error  of  approximately  20  pounds  of 
equivalent  coal  could  be  made  in  judging  the  condition  of  the  fuel  bed. 
Calculation  showed  that  it  was  necessary  to  burn  650  pounds  of  coal 
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on  a  test  in  order  to  reduce  this  error  to  3  per  cent,  and  to  burn  650 
pounds  of  coal  required  36  hours.  The  soft  coal  tests  were  accordingly 
run  for  this  length  of  time. 

Before  starting  a  test,  the  furnace  was  operated  at  the  rate  re- 
quired on  the  test  for  a  period  of  about  12  hours  in  order  to  ac- 
cumulate enough  ash  in  the  fuel  bed  to  correspond  to  normal  operating 
conditions.  The  grates  were  then  shaken  until  live  coals  just  appeared, 
and  the  ash  pit  was  cleaned.  The  test  started  at  this  time.  Coal 
was  fired  in  small  charges  once  an  hour  and  the  fuel  bed  was  leveled 
after  each  firing.  This  was  continued  for  36  hours,  and  the  test  was 
stopped  with  the  fuel  bed  in  the  same  condition  as  it  was  at  the  start, 
so  far  as  it  was  possible  to  estimate  it  from  its  appearance.  Just 
before  stopping,  the  grates  were  again  shaken  until  live  coals  appeared, 
the  ash  pit  was  again  cleaned,  and  the  total  ash  taken  out  during  the 
test  was  weighed. 

This  method  of  firing  does  not  exactly  correspond  to  that  used 
in  house  service,  but  if  the  fuel  bed  is  not  given  attention  for  periods 
of  3  hours  or  more,  wide  discrepancies  appear  due  to  differences  in 
fuel  bed  conditions,  and  the  tests  become  worthless  for  purposes  of 
comparison. 

18.  Importance  of  Temperature  and  Draft  Control  in  Furnace 
Testing. — The  most  important  single  factor  which  could  be  used  as 
a  reference  quantity  in  all  these  tests  was  found  to  be  the  rise  in 
temperature  of  the  air  passing  through  the  furnace  casing.  The  tem- 
perature-rise in  turn  is  dependent  upon  the  rate  of  combustion  or  the 
draft,  but  it  is  much  more  convenient  to  use  the  temperature-rise  for 
this  purpose  than  any  other  observed  quantity.  Moreover,  it  was  soon 
found  that  the  value  of  a  test  was  determined  almost  entirely  by  the 
relative  constancy  of  the  temperature-rise  of  the  air;  large  fluctua- 
tions in  the  rise  in  air  temperature  during  a  test  made  the  comparison 
of  such  a  test  with  other  tests  of  little  significance.  If  the  rise  in  tem- 
perature was  maintained  constant,  then  all  other  factors  in  the  test 
also  remained  constant,  and  a  great  deal  of  attention  was,  therefore, 
given  to  apparatus  which  would  indicate  the  temperature-rise,  and  at 
the  same  time  control  this  rise.  The  accurate  determination  of  the 
actual  temperature  of  the  air  leaving  the  register  was  also  of  great 
importance. 
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A  study  of  the  graphical  log  sheets  made  during  each  test,  in  which 
the  anemometer  readings  and  register  temperatures  were  plotted 
against  time,  showed  a  practically  constant  relation  between  the  ane- 
mometer reading  and  the  register  temperature  for  any  given  test.  This 
led  to  a  method  whereby  the  number  of  anemometer  readings  could  be 
reduced  to  a  minimum.  Table  4  shows  the  relation  between  anemome- 
ter readings  and  temperature-rise  for  one  test,  the  readings  having 
been  taken  simultaneously. 

It  may  be  noted  that  in  very  few  cases  in  this  particular  test  do 
the  individual  ratios  of  anemometer  readings  to  temperature-rise 
deviate  materially  from  the  average  1.043. 

A  simplified  method  of  testing  is  therefore  possible.  After  test 
conditions  have  been  reached  and  the  predetermined  temperature-rise 
for  a  particular  test  has  become  constant,  several  simultaneous  read- 
ings of  the  anemometer  and  the  temperature  are  taken.  After  this, 
anemometer  readings  are  discontinued  and  especial  care  exercised  to 
maintain  the  temperature-rise  constant.  At  the  end  of  the  test,  the 
anemometer  reading  is  obtained  by  multiplying  the  average  tem- 
perature-rise by  the  ratio  of  anemometer  reading  to  temperature-rise 
found  from  the  readings  taken  at  the  beginning  of  the  test.  This 
method  also  has  the  advantage  of  saving  the  anemometer,  which  is 
a  delicate  instrument,  from  wear  and  abuse. 

Since,  in  running  comparative  furnace  tests,  too  much  emphasis 
cannot  be  placed  upon  the  maintenance  of  a  constant  temperature-rise, 
an  attempt  was  made  to  control  the  furnace  drafts  automatically  in 
order  to  accomplish  this  end.  It  was  soon  found  that  the  expansion 
members  of  most  commercial  regulators  had  too  much  heat  lag  due 


Table  4 
Relation  Between  AneiMometer  Reading  and  Temperature-Rise 


Anemometer 

Kise  in  Temperature  of  Air 

Ratio  of  Anemometer 

Reading  Ft.  per  Min. 

Degrees  F. 

Reading  to  Temperature-Rise 

219 

205 

1.070 

223 

215 

1.040 

223 

210 

1.062 

221 

213 

1.040 

227 

221 

1.030 

231 

223 

1.040 

227 

221 

1.030 

222 

215 

1.030 

A  vcrage 1.043 
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Fig.  16.     Draft  B emulator  for  Temperature  Control 


to  the  mass  of  material  used  in  their  construction.  A  minimum  of 
about  8  or  10  degrees  variation  in  regulation  was  the  best  that  could 
be  obtained.  A  special  regulator  was,  therefore,  built,  which,  used  in 
connection  with  a  standard  motor  driven  draft  regulator,  gave  the  de- 
sired degree  of  regulation.  No  claim  for  commercial  utility  is  made 
for  the  expansion  element  as  it  is  used  only  in  laboratory  tests.  As 
shown  in  Fig.  16  it  consists  of  a  No.  30  B.  and  S.  gage  brass  wire 
passing  through  the  throat  of  the  furnace,  and  a  lever  swinging  on 
knife  edges,  A. 

One  end  of  the  wire  is  fastened  to  the  support  at  the  pulley,  E. 
The  wire  then  passes  through  the  throat  of  the  furnace,  around  the 
pulley  at  C,  and  back  to  a  yoke  which  hooks  over  a  knife  edge  carried 
on  the  lever  at  B.  The  wire  is  held  taut  by  a  set  of  weights,  F,  the 
string  from  which  passes  over  the  pulley,  E,  and  attaches  to  the  lever 
by  means  of  a  yoke  and  knife  edge  at  D.  The  weights  pull  back  the 
lever  and  thus  tighten  the  wire.     Both  pulleys  and  lever  system  are 
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supported  on  heavy  members,  G  and  H,  which  are  entirely  free  from 
the  furnace  or  platform  and  held  at  a  fixed  distance  by  the  strut,  K , 
(which  passes  around,  and  not  through,  the  furnace).  The  end  of  the 
lever  oscillates  between  two  contact  points  at  L,  which  are  carried  on 
a  sliding  base,  M,  which  may  be  locked  into  place  by  nut,  N.  Leads 
from  the  contact  points  run  to  the  motor  which  operates  the  furnace 
dampers. 

The  proper  position  for  the  contact  points  for  any  given  tem- 
perature-rise is  determined  by  trial,  and  they  are  then  locked  into 
place  by  means  of  the  nut,  N.  If  the  temperature  rises,  the  wire  in- 
creases in  length  due  to  expansion.  This  allows  the  lever  to  be  drawn 
further  out,  and  it  makes  contact  with  the  outside  point  at  L,  closing 
the  circuit  which  operates  the  motor  to  close  the  cross  clamper  in  the 
smoke  pipe  and  the  damper  in  the  ash  pit  door.  If  the  furnace  cools, 
the  wire  contracts  and  makes  contact  with  the  other  point,  thus  open- 
ing the  dampers.  The  No.  30  wire  has  so  little  mass  that  it  follows  the 
temperature  changes  almost  instantly,  and  the  furnace  can  be  con- 
trolled within  the  limits  desired. 

19.  Furnace  Testing  Codes. — It  has  been  found  very  necessary 
to  formulate  definite  codes  for  reporting  the  results  of  tests  on  both 
piped  and  pipeless  furnaces.  Such  codes  must  provide  for  a  syste- 
matic method  of  recording  all  important  dimensions  and  significant 
constructional  details,  as  well  as  the  observed  test  data  and  final 
results. 

After  many  revisions,  the  following  codes  have  been  found  quite 
satisfactory,  and  were  submitted  at  the  Annual  Meeting  of  the  Amer- 
ican Society  of  Heating  and  Ventilating  Engineers,  January,  1921, 
by  A.  C.  Willard  and  A.  P.  Kratz  in  connection  with  a  progress  re- 
port on  the  general  subject  of  Furnace  Testing. 


Testing  Code  for  Pipeless  Furnaces 

Tests  under  this  code  may  be  of  two  general  kinds,  depending 
on  the  character  of  the  fuel  used.  For  purposes  of  comparing  similar 
furnaces,  or  for  determining  the  effect  of  most  changes  in  design,  it 
has  been  found  satisfactory  to  use  hard  coal  and  run  8  hour  tests. 
The  methods  for  running  tests  for  both  hard  and  soft  coal  are  discussed 
in  Section  V. 
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All  tests  are  so  controlled  as  to  require  a  draft  of  not  more 
than  0.2  inches  of  water  at  any  time,  and  the  temperature-rise 
of  the  air  passing  through  the  furnace  is  maintained  absolutely  con- 
stant throughout  the  entire  test.  Special  temperature  indicating  ap- 
paratus is  absolutely  essential  in  maintaining  a  constant  temperature  - 
rise.  In  no  case  will  mercury  thermometers  be  satisfactory  for 
measuring  outlet  temperatures,  because  of  the  serious  radiation  effects 
on  such  thermometers.  The  temperature  control  and  measuring  de- 
vices are  discussed  in  Section  VI. 

The  amount  of  air  passing  through  the  furnace  is  determined 
by  a  special  traversing  equipment  (Fig.  12)  using  an  anemometer  to 
measure  the  velocity  of  flow.  The  anemometer  is  then  calibrated  under 
exactly  the  same  conditions  of  air  velocity,  temperature,  and  register 
resistance  as  existed  in  the  actual  test,  as  discussed  in  Section  VII. 

The  observed  data  and  calculated  results  are  then  reported  on 
the  Data  and  Result  Sheets  for  Pipeless  Furnace  Test  given  on  page  56. 
Fig.  10  shows  the  general  set-up  of  the  equipment  for  a  pipeless  fur- 
nace test,  and  also  serves  as  a  graphical  result  sheet.  Typical  per- 
formance curves  from  a  series  of  tests  are  shown  in  Fig:.  15. 
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Fig.  17. 


Sectional  Elevation  of  Equivalent  Testing  Plant  for  Piped 
Furnace 
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Testing  Code  for  Piped  Furnaces 

Tests  under  this  code  are  made  in  a  manner  exactly  similar  to 
that  already  described  for  pipeless  furnaces.  The  special  arrange- 
ment of  an  equivalent  piped  furnace  testing  plant  is  shown  in  detail 
in  Fig.  17. 

The  only  factor  not  definitely  specified  in  setting  up  this  equip- 
ment is  the  equivalent  head  in  feet  between  grate  and  face  of  hot  air 
outlet  which  should  be  provided. 

This  head  can  only  be  ascertained  by  setting  up  a  duplicate  furnace 
in  a  typical  one,  two,  or  three-story  piped  furnace  plant  and  deter- 
mining the  total  amount  of  air  handled  by  natural  circulation  for  an 
average  temperature-rise  from  inlet  to  bonnet  of  130  deg.  F.  With 
this  quantity  of  air  known  the  outlet  riser  is  adjusted  to  give  this 
same  capacity  at  the  same  temperature  rise.  Values  for  the  proper 
height  of  the  equivalent  testing  plant  (Fig.  17)  will  depend  only  on 
the  resistance  of  the  leaders,  stacks,  and  registers  in  one,  two,  and  three- 
story  plants.  Once  these  heights  are  determined  for  systems  in  one, 
two,  and  three-story  buildings,  the  equivalent  testing  plant  will  truly 
represent  the  actual  resistance  in  such  buildings. 

The  observed  data  and  calculated  results  are  then  reported  on 
the  Data  and  Result  Sheets  for  Piped  Furnace  Test  given  below. 
Fig.  17  not  only  shows  the  general  set-up  of  the  equipment  for  a  piped 
furnace  test,  but  can  also  be  made  to  serve  as  a  graphical  result  sheet 
similar  to  Fig.  10  by  addition  of  the  necessary  items. 

Typical  performance  curves  from  a  series  of  piped  furnace  tests 
are  shown  in  Fig.  6. 


DATA  AND  RESULT  SHEET— PTPELESS  FURNACE  TEST 
At    Date    


GENERAL    DATA 


Built    by    Builder 's    No. 

Type   of   furnace    

Type  of  inner  and  outer  casings   


Type  of  grates   .  , 
Type  of  chimney 
Type    of   register 
Rated  capacity    .  . 
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DIMENSIONS 

Fire  pot  diameter  at  top in.,  at  bottom in. 

Grate    area    sq.    ft. 

Diameter  of  outer   casing    in. 

Diameter  of  inner  casing,  net  inside    in. 

Thickness   of    inner    casing    in. 

Diameter  of  radiator    in. 

Distance  from  outside  of  radiator  to  inner  casing   in. 

Distance    between    inner    and    outer    casing    in. 

Distance  from  floor  to  bottom  of  inner  casing   in. 

Least  free  area  across  inner  casing sq.  in., sq.  ft. 

Least  free  area  between  inner  and  outer  casing sq.  in., sq.  ft. 

Ratio  of  cold  air  free  area  to  hot  air  free  a  rea    

Throat    diameter   below   register,    net    in. 

Width  and  length  of  cold-air  register    x in. 

Net  free  area  of  cold-air  register    sq.   in sq.   ft. 

Diameter   of  hot-air   register    in. 

Net  free  area  of  hot-air  register sq.  in., sq.  ft. 

Eatio  free  area  to  gross  area  of  register cold-air hot-air 

Eatio  free  area  of  cold-air  to  free  area  of  hot-air  register 

Diameter  and  length  of  smoke  pipe    in.  x    ft. 

Size  and  height   of  chimney    in.   x    ft. 

No.            Name  of  Item  with  Units 
1.     Duration   of    test,    hours 


2.  Barometer,  in.  of  mercury    

3.  Kind  of  coal    

4.  Size    of    coal    

5.  Proximate  analysis  of  coal  as  fired,  per  cent 

6.  Fixed    carbon     

7.  Volatile    matter     

8.  Moisture 

9.  Ash 

10.  Sulphur,  separately  determined    

11.  Calorific  value  of   coal   as  fired,   by   oxygen   calorimeter, 

B.t.u.  per  lb 

12.  Ultimate  analysis  of  coal  as  fired,  per  cent   

13.  Carbon     ; 

14.  Hydrogen     

15.  Oxygen     

16.  Nitrogen    

17.  Sulphur    

18.  Moisture     

19.  Ash 

20.  Analysis  of  dry  refuse  at  end  of  test,  per  cent   

21.  Fixed   carbon    
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22.  Volatile   matter    

23.  Earthy  matter    

24.  Calorific  value,  B.t.u.  per  lb 

25.  Draft  at  smoke  outlet,  in.  of  water   

26.  Temperature  of  outside  air,  deg.  f ahr 

27.  Temperature  of  air  entering  ash  pit,  deg.  fahr 

28.  Temperature  of  inlet  air  at  register  face,  dry  bulb,  deg.  fain  . 

29.  Temperature  of  inlet  air  at  register  face,  wet  bulb,  deg.  fahr. 

30.  Temperature  of  outlet  air  at  register  face,  deg.  fahr 

31.  Temperature  rise  of  air  from  inlet  to  outlet,  deg.  fahr 

32.  Equivalent  outlet  temperature  at  register  face  above  65  deg. 

fahr 

33.  Temperature  of  cold  air  2  in.  above  bottom  of  inner  casing, 

deg.  fahr 

34.  Temperature  of  outer  casing  opposite  center  of  fire  pot,  deg. 

fahr     

35.  Temperature  of  outer  casing  6  in.  above  floor,  deg.  fahr 

36.  Temperature  of  flue  gas,  deg.  fahr 

37.  Velocity  through  free  area  of  outlet  register,  ft.  per  min... 

38.  Velocity  through  minimum  free  area  of  furnace,  ft.  per  min. 

39.  Velocity  through  minimum  free  area  of  outer  casing,  ft.  per 

min 

40.  Velocity  through  free  area  of  inlet  register,  ft.  per  min 

41.  Volume    of    air    leaving    hot-air    register,    measured    at    the 

actual  register  temperature,  cu.  ft.  per  hour 

42.  Volume    of    air    leaving    hot-air    register,    measured    at    the 

equivalent  register  temperature,  cu.  ft.  per  hour. 

43.  Density  of  air  entering  cold-air  register,  lb.  per  cu.  ft 

44.  Density  of  air  leaving  hot-air  register,  lb.  per  cu.  ft 

45.  Weight  of  air  circulated  per  hour,  lb 

46.  Weight  of  air  circulated  per  lb.  of  coal  burned,  lb 

47.  Weight  of  air  circulated  per  10  000  B.t.u.  supplied  in  coal,  lb. 

48.  Weight  of  coal  fired,  total,  lb 

49.  Weight  of  dry  refuse  at  end  of  test,  total,  lb 

50.  Weight  of  equivalent  coal  in  refuse,  lb 

51.  Net   weight   of   coal   burned    during   test,    lb 

52.  Combustion  rate,  lb.  of  coal  burned  per  sq.  ft.  of  grate  per 

hour     

53.  Heat  developed  by  net  coal  burned  per  hour,  B.t.u 

54.  Heat  put  into  air  betweent  inlet  and  outlet  per  hour,  B.t.u..  . 

55.  Heat  available  above  70  deg.  fahr.  for  heating  house  per  hour, 

B.t.u 

56.  Heat  put  into  air  between  inlet  register  and  bottom  of  inner 

casing  per  hour,  B.t.u 

57.  Total  heat  put  into  air  which  is  transmitted  by  inner  casing 

to  entering  air,  per  cent 

58.  Overall  efficiency  of  furnace,  per  cent   
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59.  Carbon  dioxide  in  flue  gas,  per  cent 

60.  Oxygen  in  flue  gas,  per  cent 

61.  Heat  lost  in  flue  gas  per  lb.  of  coal  burned,  B.t.u 

62.  Heat  lost  by  radiation  and  "unaccounted  for"  per  lb.  of  coal 

burned,   B.t.u 

63.  Heat  lost  in  flue  gas,  per  cent 

61.     Heat  lost  by  radiation  and  ' '  unaccounted  for, ' '  per  cent 


Remarks: 


DATA    AND    RESULT    SHEET— PIPED    FUENACE    TEST 
At    Date    


GENERAL    DATA 

Built   by    Builder 's   No. 

Type   of   furnace    

Type  of  outer  casing    

Type  of  lining    

Type  of  grates   

Type  of  chimney    

Number   of  leaders    

Rated  capacity    


DIMENSIONS 

Fire  pot   diameter  at  top    in.,  at  bottom    in. 

Grate   area    sq.   ft. 

Diameter  of  outer  casing    in. 

Diameter  of  lining,  net  inside    in. 

Thickness  of  lining   in. 

Diameter  of  radiator    in. 

Distance  from  outside  of  radiator  to  lining in. 

Diameter  of  cold-air  duct    in. 

Height  of  cold-air  shoe   in.,  and  width in. 

Least  free  area  across  inner  casing sq.  in sq.  f t. 

Ratio  of  cold-air  free  area  to  total  hot-air  leader  area   

Throat  diameter  of  outlet   " in. 

Width  and  length   of   cold-air   register    x    in. 

Net  free  area  of  cold-air  register sq.  in sq.  ft. 

Ratio  free  area  to  gross  area  of  cold-air  register  

Diameter  of  top   of  bonnet    in. 

Diameter  of  leaders    in. 

Total  area  of  leaders   sq.  in sq.   ft. 

Diameter  of  bottom  of  drum    in 
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Height  from  grate  to  face  of  hot-air  outlet    ft in. 

Diameter  and  length  of  smoke  pipe   in ft. 

Size  and  height  of  chimney    in ft. 

No.  Namr  of  Item  with   Units 

1.  Duration  of  test,  hours   

2.  Barometer,  inches  of  mercury 

3.  Kind    of    coal     

4.  Size    of    coal    

5.  Proximate  analysis  of  coal  as  fired,  per  cent 

6.  Fixed   carbon    

7.  Volatile    matter     

8.  Moisture     

9.  Asli    

10.  Sulphur,  separately  determined    

11.  Calorific   value  of  coal   as   fired,  by   oxygen   calorimeter, 

B.t.u.   per   lb 

12.  Ultimate  analysis  of  coal  as  fired,  per  cent 

13.  Carbon    

14.  Hydrogen 

15.  Oxygen     

16.  Nitrogen    

17.  Sulphur    

18.  Moisture     

19.  Ash   

20.  Analysis  of  dry  refuse  at  end  of  test,  per  cent 

21.  Fixed   carbon    

22.  Volatile  matter    

23.  Earthy  matter    

24.  Calorific  value,  B.t.u.  per  lb 

25.  Draft  at  smoke  outlet,  in.  of  water 

26.  Temperature  of  outside  air,  deg.  f ahr 

27.  Temperature  of  air  entering  ash  pit,  deg.  fahr 

28.  Temperature  of  inlet  air  at  register  face,  dry  bulb,  deg.  fahr 

29.  Temperature  of  inlet  air  at  register  face,  wet  bulb,  deg.  fahr 

30.  Temperature  of  outlet  air  at  face  of  hot-air  outlet,  deg.  fahr 

31.  Temperature   of  air   at  bonnet,   deg.   fahr 

32.  Temperature  rise  of  air  from  inlet  to  bonnet,  deg.  fahr 

33.  Equivalent  outlet  temperature  at  register  faces  above  65  deg. 

inlet,  deg.  fahr.  allowing   deg.  fahr.  drop  in 

leaders  and  stacks    

34.  Temperature  of  outer  casing  opposite  center  of  fire  pot,  deg. 

fahr 

35.  Temperature  of  outer  casing  6  in.  above  floor,  deg.  fahr 

36.  Temperature  of  flue  gas,  deg.  fahr 

37.  Velocity  through  free  area  of  outlet,  ft.  per  min 

38.  Velocity  through  minimum  free  area  of  furnace,  ft.  per  min 
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39.  Velocity   through   cold   air   duct,   ft.   per   min 

40.  Velocity  through  free  area  of  iulet  register,  ft.  per  rain 

41.  Volume  of  air  leaving  hot-air  outlet,  measured  at  the  actual 

outlet    temperature,    cu.    ft.   per    hour    

42.  Volume    of    air    leaving    hot-air    register,    measured    at    the 

equivalent  register  temperature,  cu.   ft.   per  hour 

(Note:— See  item  33.) 

43.  Density  of  air  entering  cold-air  register,  lb.  per  cu.  ft 

44.  Density  of  air  leaving  hot-air  outlet,  lb.  per  cu.  ft 

45.  Weight  of  air  circulated  per  hour,  lb 

46.  "Weight  of  air  circulated  per  lb.  of  coal  burned,  lb 

47.  Weight  of  air  circulated  per  10,000  B.t.u.  supplied  in  coal,  lb 

48.  Weight  of  coal  fired,  total,  lb 

49.  Weight  of  dry  refuse  at  end  of  test,  total,  lb 

50.  Weight  of  equivalent  coal  in  refuse,  lb 

51.  Net  weight  of   coal   burned   during   test,   lb 

52.  Combustion  rate,  lb.  of  coal  burned  per  sq.  ft.  of  grate  per 

hour     

53.  Heat  developed  by  net  coal  burned  per  hour,  B.t.u 

54.  Heat  put  into  air  between  inlet  and  bonnet  per  hour,  B.t.u 

55.  Heat  available  above  70  deg.  fahr.  for  heating  house  per  hour, 

B.t.u 

(Note:— See  item  33.) 

56.  Overall  efficiency  of  furnace,  per  cent   

(Note:- — Based  on  bonnet  temperature.) 

57.  Carbon  dioxide  in  flue  gas,  per  cent 

58.  Oxygen  in  flue  gas,  per  cent    

59.  Heat  lost  in  flue  gas  per  lb.  of  coal  burned,  B.t.u 

60.  Heat  lost  by  radiation  and  ' '  unaccounted  for ' '  per  lb.  of  coal 

burned,   B.t.u 

61.  Heat  lost  in  flue  gas,  per  cent 

62.  Heat  lost  by  radiation  and  ' '  unaccounted  for, ' '  per  cent 

Remarks : 
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VI.     Temperature  Measurement  in  Warm-Air  Furnace  Testing 

20.  Measurement  of  Outlet  Temperatures. — It  is  a  very  difficult 
matter  to  determine  accurately  the  temperature  of  the  air  as  it  leaves 
the  bonnet  of  a  piped  furnace,  or  as  it  passes  the  register  grille  of  a 
pipeless  furnace.  Attempts  to  measure  air  temperatures  at  these 
points  by  ordinary  thermometers  are  futile,  since  the  errors  resulting 
from  the  radiation  effect  of  the  hot  dome  and  radiator  of  the  furnace 
may  amount  to  from  40  deg.  to  90  deg.  F.,  as  was  demonstrated  in 
this  investigation.  Even  with  very  small  thermocouples  there  is  an 
error  from  this  radiation  effect,  but  the  error  is  much  less  than  with 
thermometers,  and  has  now  been  accurately  determined.  Since  the 
problems  are  about  the  same  for  both  piped  and  pipeless  plants,  a 
discussion  of  the  method  used  in  the  latter  tests  will  suffice  for  both. 
It  should  be  noted  that  mercury  thermometers  are  quite  satisfactory 
for  measuring  inlet  temperatures  for  either  piped  or  pipeless  fur- 
naces, as  there  are  practically  no  radiation  effects  at  such  points. 

21.  Instruments  Used  for  Measuring  Temperature. — 

Thermocouples 

The  temperature  of  the  air  at  the  register  face  was  measured  by 
means  of  four  copper-constantan  thermocouples  made  of  No.  23  B.  and 
S.  gage  wire.  A  general  discussion  of  the  thermocouple  method  of 
measuring  temperatures  and  the  factors  leading  to  the  choice  of  copper- 
constantan  couples  has  been  given  in  a  previous  bulletin.* 

The  junctions  of  the  couples  used  for  this  purpose  were  formed 
by  silver-soldering  the  two  wires  together  and  dressing  the  metal  down 
to  approximately  the  diameter  of  the  wires.  These  junctions  were 
placed  at  90  degrees  around  a  circle  having  a  radius  of  about  0.6  that 
of  the  register  face.  The  four  couples  were  then  connected  in  par- 
allel and  a  single  reading  gave  the  average  of  the  temperature  at 
the  four  points.  In  the  earlier  tests  an  instrument  called  the  Pyro- 
volter  was  used,  which  gave  a  precision  of  0.42  deg.  F.     For  the 

*  "Report  of   Progress  in   Warm-Air  Furnace  Research."   Univ.   of  111.   Eng.   Exp.   Sta.. 
Bui.   112,   1919. 
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later  tests  a  standard  Leeds  and  Northrup  precision  potentiometer 
was  used.  This  could  be  read  accurately  to  0.0005  millivolts,  which 
gave  a  possible  precision  of  0.02  deg.  F.  For  the  purpose  of  these 
tests,  however,  it  was  not  used  to  a  greater  precision  than  0.2  deg.  F., 
which  was  considered  ample. 

A  discussion  of  the  essential  differences  between  a  Pyrovolter 
and  a  potentiometer  as  measuring  instruments  may  be  of  interest 
for  other  investigators  in  this  field,  and  is  given  in  the  following 
paragraphs. 

Potentiometer 

In  the  simplest  form  the  potentiometer   (Fig.  18)   consists  of  a 

loop  of  wire,  a  bull  cell,  B,  and  a  variable  resistance.    One  portion  of 

the  loop  is  a  very  uniform  wire,  X — Y,  lying  adjacent  to  a  scale. 

Suppose  this  scale  contains  10  main  divisions.    The  fall  of  potential, 

E,  from  X — Y  is  then  E  =  IB,  where  E  is  electromotive  force,  1 

is  current,  and  B  is  ohms  resistance.    Then  each  division  of  the  wire 

E 
=  — ,  or  if  E  =  10  volts  then  each  division  =  1  volt. 

In  order  to  make  the  instrument  direct  reading  it  is  necessary 
to  determine  what  current  in  the  loop  will  make  each  division 
represent    1  volt.       Suppose    a    standard    cell    of    known    voltage, 
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E  =  1.0175,  is  connected  with  one  pole  at  point  X  and  the  second 
pole  at  a  distance  of  1.0175  divisions  from  point  X  in  such  a  way  that 
the  fall  of  potential  along  the  wire  from  X  to  1.0175  tends  to  send 
current  in  one  direction  through  the  galvanometer  and  the  cell  tends 
to  send  it  in  the  other  direction.  The  current,  I,  in  the  loop  is  now 
changed  until  the  fall  along  the  wire  from  point  X  to  1.0175  is  just 
1.0175  volts.  This  is  true  when  the  galvanometer  reads  zero.  In  this 
case  every  division  on  the  wire  will  represent  a  fall  of  potential  of 
just  1  volt. 

I  is  now  maintained  constant  in  the  loop,  and  an  unknown  electro- 
motive force,  Elf  is  connected  in  just  as  the  standard  cell  was  con- 
nected. Assume  that  the  electromotive  force  is  3  volts.  If  the  point  C 
is  placed  on  the  third  division  it  is  evident  that  the  fall  of  potential  from 
X  to  C  will  be  3  volts.  In  this  case  the  galvanometer  will  read  zero. 
If  C  is  placed  on  either  side  of  3,  then  the  galvanometer  will  read  either 
positive  or  negative  as  the  case  may  be.  Hence  the  length  of  wire 
from  X  to  C  may  be  made  a  measure  of  the  unknown  electromotive 
force,  since  each  division  was  first  adjusted  to  represent  a  known  fall  in 
potential  and  the  current  /  was  not  afterwards  changed. 

Pyrovolter 

The  unknown  electromotive  force,  Elf  is  connected  across  the 
fixed  resistance  X — Y,  as  shown  in  Fig.  18.  The  fall  of  potential 
across  this  fixed  resistance  is  E  =  IB,  where  B  is  the  resistance  X — Y, 
and  /  is  the  total  current  in  the  loop,  XAYX.  If  I  is  varied,  then  77 
will  vary  also.  The  unknown  electromotive  force,  Ex,  is  so  connected 
that  it  opposes  E,  and  when  E  is  just  equal  to  the  unknown  Ex  the 
galvanometer  G  will  read  zero,  since  there  is  no  current  flowing 
through  it.  I  is  varied  by  the  variable  resistance  in  the  loop  until 
G  does  read  zero ;  then  the  relationship  E  =  Ex  is  true.  I  is  then 
read  on  galvanometer  Gx.  But  since  I  =  E/ji}  and  B  is  constant  and 
known,  the  galvanometer  Gx  may  be  calibrated  to  read  E  directly  for 
the  different  values  of  I  which  are  necessary  to  balance  various  un- 
known electromotive  forces  Els  or  in  other  words  may  be  calibrated 
to  read  Ex  directly  for  the  different  values  of  I. 

In  Fig.  19  there  is  given  a  diagram  of  the  method  of  calibration 
and  a  typical  calibration  curve  for  a  copper-constantan  couple.  In 
making  a  calibration,  the  junction  of  the  couple  is  bound  to  the  bulb 
of  a  standard  mercury  thermometer  the  correctness   of  which  has 
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been  certified  by  the  United  States  Bureau  of  Standards.  The  ther- 
mometer and  couple  are  then  immersed  in  an  electrically  heated  oil 
bath  and  simultaneous  readings  are  taken  of  the  thermometer  and 
Pyrovolter,  or  potentiometer,  as  the  case  may  be.  The  electromotive 
forces  read  from  the  potentiometer  are  then  plotted  as  abscissae  and 
the  temperatures  from  the  mercury  thermometer  as  ordinates.  There- 
after, if  the  couple  is  used  and  gives,  for  instance,  a  reading  of 
3.0  millivolts  the  corresponding  temperature  of  164  deg.  F.  may  be 
obtained  from  the  curve,  as  indicated  by  the  dotted  lines  shown  in 
Fig.  19. 

Temperature-Rise  Indicator 

For  the  laboratory  tests,  it  has  been  found  convenient  to  observe 
the  constancy  of  the  temperature-rise  from  the  readings  of  the 
compound  couple  at  the  register  face  as  discussed  in  the  preceding 
paragraphs.     The  potentiometer  dials  are  set  at  the  reading  which 
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gives  the  temperature  at  register  face  required  to  give  the  desired 
rise  in  temperature.  Any  deviation  from  this  temperature  is  im- 
mediately indicated  by  the  swing  of  the  galvanometer. 

For  work  in  the  field,  however,  a  special  temperature-rise  indi- 
cator has  been  developed.  A  Pyrovolter  and  eight  copper-constantan 
thermocouples  made  of  No.  23  B.  and  S.  gage  wire  connected  in 
series  are  used.  The  electrical  connections,  including  the  wiring 
diagram  for  the  Pyrovolter,  are  shown  in  Fig.  20.  In  this  figure  only 
two  couples  are  shown  in  series  instead  of  the  eight  which  are  actually 
used.  The  compound  thermocouple  is  placed  in  the  throat  of  the 
furnace  with  the  hot  junction  spread  out  fanlike  at  A.  The  cold 
junctions,  B,  are  placed  outside  of  the  throat  and  in  the  air  surround- 
ing the  furnace. 

The  readings  of  this  compound  couple,  therefore,  indicate  tem- 
perature-rise directly.  They  are  not  used  for  the  recorded  air 
temperature,  however,  a  calibrated  couple  with  the  cold  junction  in  ice 
being  used  for  this  purpose.  The  indicator  couple  is  connected  through 
a  double  pole  switch,  S,  across  the  fixed  resistance,  Rly  with  the  gal- 
vanometer, G2,  in  the  circuit.  The  Pyrovolter  circuit  contains  this 
fixed  resistance,  R1}  variable  resistance,  R2,  galvanometer,  Gly  and  a  dry 
cell,  or  two  dry  cells  in  series,  C. 

In  order  to  adjust  the  indicator,  the  furnace  is  first  operated  to 
give  the  desired  temperature-rise.  Switch  S  is  then  closed,  and  the 
variable  resistance  R2  is  adjusted  until  galvanometer  G2  reads  zero. 
The  reading  of  galvanometer  G1  is  noted,  and  whenever  this  same 
temperature-rise  is  desired  Gx  must  be  set  to  this  predetermined 
reading.  "With  G±  set,  then  G2  will  read  zero  as  long  as  the  correct 
temperature-rise  is  being  maintained.    Any  variation  in  the  tempera- 
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ture-rise  will  be  indicated  by  deflection  of  the  galvanometer  02. 
With  the  instrument  used,  a  change  of  10  degrees  in  the  temperature- 
rise  produced  a  deflection  of  about  5/16  inch  on  the  galvanometer. 

22.  Correction  for  Radiation. — Since  the  efficiencies  reported 
for  either  the  piped  or  pipeless  furnace  are  based  on  the  temperature 
rise  of  the  air  passing  through  the  furnace,  it  becomes  a  matter  of 
prime  importance  that  an  accurate  method  for  the  determination  of 
the  temperature  of  the  air  leaving  the  register  face  be  used.  The  chief 
difficulty  encountered  in  these  tests  was  the  determination  of,  and 
the  correction  for,  the  effect  of  the  heat  radiated  from  the  hot 
castings  on  the  thermometers  or  thermocouples  used  to  measure  the 
air  temperature.  It  was  necessary  to  measure  this  temperature  at  a 
point  either  just  below  the  bonnet  or  close  to  the  register  face.  This 
exposed  the  measuring  element  directly  to  the  radiant  heat  given 
off  from  the  top  of  the  dome  and  the  radiator.  Since  these  castings 
were  at  a  temperature  considerably  higher  than  that  of  the  air, 
and  the  radiant  heat  went  directly  through  the  air  without  warming 
it,  the  effect  was  to  raise  the  thermal  element  of  the  thermometer  or 
thermocouple  that  received  this  heat  to  a  higher  temperature  than 
that  of  the  air  surrounding  it.  Consequently,  since  the  material  of 
which  the  thermal  element  was  constituted  was  at  a  higher  tempera- 
ture than  that  of  the  air  the  instrument  also  read  or  recorded  a  higher 
temperature  than  the  true  air  temperature.  This  observed  tempera- 
ture proved  to  be  as  much  as  90  deg.  F.  too  high  (see  Fig.  23)  when 
a  mercury  thermometer  was  used.  The  error  could  not  be  eliminated 
by  interposing  shields  or  baffles  between  the  hot  surfaces  and  the  ther- 
mometer, because  the  shields  would  merely  intercept  the  radiation  and 
become  heated,  and  in  turn  radiate  to  the  thermometer.  The  only 
course  left  open,  therefore,  was  to  correct  for  the  radiation  effect  on 
these  couples. 

The  radiation  correction  has  been  made  as  suggested*  by  Henry 
Kreisinger  and  J.  F.  Barkley.  Four  thermocouples  having  diameters 
of  0.01  inch,  0.0225  inch,  0.065  inch,  and  0.129  inch,  respectively,  were 
placed  at  the  point  at  which  measurements  were  to  be  taken  for  the 
tests.  The  junctions  were  carefully  made  of  the  same  diameter  as 
the  wires  forming  the  couples.     Since  the  larger  surfaces  received 

*  "Measuring  the  Temperature  of  Gases   in   BoileT   Settings."      U.   S.   Bureau   of  Mines, 
Bulletin  145. 
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more  heat  by  radiation  than  the  smaller  ones,  the  temperature  indi- 
cated by  the  larger  couples  when  equilibrium  was  attained  was  corre- 
spondingly higher  than  that  indicated  by  the  smaller  ones.  The 
smaller  couples  gave  more  nearly  the  correct  air  temperature.  Theo- 
retically, a  couple  of  zero  diameter  would  give  the  correct  air  tem- 
perature, since  a  couple  of  this  diameter  would  receive  no  heat  by 
radiation.  The  temperatures  indicated  by  the  four  couples  were  then 
plotted  against  the  diameter  of  the  wires  forming  the  couples.  A 
smooth  curve  joining  these  points  was  drawn  and  continued  until 
it  intersected  the  zero  diameter  axis.  The  point  where  this  took  place 
was  regarded  as  indicating  the  true  temperature  of  the  air.  These 
curves  are  shown  in  Fig.  21.  One  of  these  curves,  it  may  be  seen, 
intersects  the  zero  axis  at  298  deg.  F.  This  is  the  true  air  temperature. 
The  couple  of  0.0225  inch  diameter,  which  was  the  size  of  the  couples 
used  to  measure  the  temperature  during  the  tests,  at  the  same  time 
read  320  deg.  F.  The  correction  for  this  couple  is,  therefore,  320-298 
=  22  deg.  F.  This  procedure  was  followed  for  a  large  number  of 
temperatures  within  the  range  covered  by  the  tests  on  the  pipeless 
furnace,  and  the  corrections  obtained  have  been  plotted  against  the 
observed  temperatures.  The  correction  curve  is  shown  in  Fig.  22  and 
has  been  used  on  all  pipeless  furnace  tests  herein  reported.  It  must 
be  noted  that  this  correction  curve  applies  only  to  couples  of  the 
diameter  designated,  and  then  only  when  the  couples  are  placed  at 
the  same  distance  from  the  dome  of  the  furnace,  namely,  36  inches. 

In  order  to  call  attention  to  the  magnitude  of  the  errors  that 
might  occur  from  the  use  of  an  unprotected  mercury  thermometer, 
a  correction  curve  for  a  mercury  thermometer  having  a  diameter  of 
0.225  inches  and  placed  36  inches  above  the  dome  is  given  in  Fig.  23. 
The  corrections  vary  from  40  deg.  F.  at  an  observed  register  tem- 
perature of  200  deg.  F.  to  90  deg.  F.  at  an  observed  register  tempera- 
ture of  300  deg.  F. 

In  Fig.  24  is  shown  a  radiation  correction  curve  for  couples  of 
No.  23  B.  and  S.  gage  wire  placed  in  the  bonnet  of  a  piped  furnace. 
These  couples  were  placed  at  the  entrance  to  the  leaders,  and  about 
9  inches  from  the  radiator  castings.  The  correction  in  this  case 
is  10  deg.  F.  at  an  observed  temperature  of  197  deg.  F.  The  corre- 
sponding correction  at  197  deg.  F.  taken  from  the  curve  in  Fig.  22  for 
the  pipeless  furnace  is  9.5  deg.  F.  At  223  deg.  F.  the  correction  is 
13  deg.  which  also  very  closely  agrees  with  the  correction  of  12  detr. 
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taken  from  the  correction  curve  for  the  pipeless  furnace.  It  appears, 
in  this  particular  case,  that  the  distance  the  couple  is  placed  from  the 
castings  does  not  materially  affect  the  correction,  and  that  the  curves 
for  the  pipeless  furnace  may  be  accepted  for  the  piped  furnace  also 
without  very  great  error. 

23.  Temperature  of  Furnace  Castings. — The  temperature  of  the 
furnace  castings  has  been  observed  at  several  points  on  the  pipeless 
furnace.  These  temperatures  were  obtained  by  the  use  of  chromel- 
alumel  thermocouples  made  from  No.  23  B.  and  S.  gage  wire.  The 
two  wires  were  twisted  tightly  together  and  the  junction  thus  formed 
was  fused  in  an  oxy-gas  flame.  A  small  hole  was  then  drilled  into  the 
casting,  the  junction  inserted  and  the  hole  peened  shut  with  a  cold 
chisel.  In  some  cases,  where  the  casting  was  too  hard  to  permit  peen- 
ing,  the  couple  was  packed  into  the  hole  by  driving  asbestos  cord  into 
the  hole  with  it.  No  attempt  was  made  to  obtain  the  temperature  of 
the  surface  alone.     The  temperature  obtained  was  that  of  the  metal. 
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The  location  of  these  couples  was  as  shown  in  Fig.  25.  One  was 
placed  on  the  side  of  the  fire  pot  9  inches  above  the  grate,  one  on  the 
opposite  side  of  the  fire  pot  10  inches  above  the  grate,  one  in  the  center 
of  the  top  surface  of  the  dome,  one  in  the  top  surface  of  the  radiator 
where  the  gases  made  the  first  turn,  and  one  in  the  top  of  the  radiator 
where  the  gases  turned  into  the  smoke  connection.  The  two  couples 
last  mentioned  were  located  on  the  center  line  of  the  radiator  and 
above  the  center  of  the  connections  from  the  dome  to  the  radiator 
and  from  the  radiator  to  the  smoke  connection.  The  temperatures 
obtained  are  discussed  in  Section  XII. 

Temperatures  on  the  sheet  metal  casings  and  the  furnace  front 
were  obtained  by  fastening  the  bulbs  of  mercury  thermometers  to  the 
surfaces  by  means  of  furnace  cement. 
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24.  Temperature  Variation  Across  an  Air  Stream. — There  is 
still  another  aspect  to  this  measurement  of  the  temperature  of  a  flow- 
ing stream  of  air  which  has  been  given  a  great  deal  of  study.  It  is 
a  well  known  fact  that  there  is  a  great  variation  in  temperature  across 
any  section  of  an  air  stream  whether  the  air  current  is  flowing  in  a 
nearly  horizontal  leader  or  in  a  vertical  stack.  The  exact  location  of 
the  thermocouple  in  such  a  stream  is  a  matter  of  vital  importance, 
especially  if  this  reading  is  to  be  compared  with  another  reading  fur- 
ther along  the  stack  or  leader.  As  a  preliminary  study  with  rather 
crude  apparatus  showed  a  surprising  variation  in  an  ordinary  leader, 
it  was  decided  to  go  into  the  matter  more  thoroughly,  and  a  special 
temperature  searching  tube  under  micrometer  control  was  developed 
and  put  into  operation  with  great  success.  A  few  sample  curves  are 
submitted  (Fig.  26)  which  speak  for  themselves.  Both  temperature 
traverses  were  made  in  the  same  10-in.  pipe  just  5  ft.  from  the  bonnet 
on  the  auxiliary  plant  (Fig.  50)  and  at  the  same  section  taken  along 
a  vertical  diameter.     The  bonnet  and  room  temperatures  were  the 
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Fig.  25.     Location  op  Thermocouples  on  Furnace  Castings 


same  in  both  eases,  and  hence  the  curves  are  a  direct  index  of  the 
increased  heat  and  air  carrying  capacity  of  a  bright  tin  leader  pipe 
as  compared  with  the  same  pipe  covered  with  one  layer  of  asbestos 
paper,  weighing  10  lb.  to  the  100  sq.  ft. 

From  an  inspection  of  the  curves  it  is  apparent  that  in  the  case 
of  the  bright  tin  leader  the  maximum  air  temperature  at  the  section 
was  181.5  deg.  F.  at  a  point  2  in.  below  top  of  pipe.  These  tempera- 
tures fell  off  rapidly  to  154  deg.  F.  at  a  distance  0.01  in.  inside  of 
top  of  pipe,  while  the  temperature  of  the  metal  surface  itself   (by 
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thermocouple  soldered  to  outside  of  leader)  was  132  deg.  F.  Below 
the  center  of  the  pipe  the  air  temperatures  also  fell  off  rapidly  to 
130  deg.  F.  at  a  distance  0.01  in.  inside  of  bottom  of  pipe,  while  the 
metal  surface  here  was  at  a  temperature  of  116  deg.  F.  The  tempera- 
ture curve  for  the  asbestos  covered  pipe  is  similar,  but  while  its  max- 
imum is  178  deg.  F.  at  2  in.  below  top  of  pipe  or  3.5  deg.  F.  less  than 
for  the  bright  tin  leader  at  the  same  position,  the  metal  surface  at  top 
and  bottom  of  leader  was  nearly  9  deg.  F.  less  at  the  top  and  6  deg.  F. 
less  at  the  bottom  than  the  metal  surface  of  the  uncovered  leader.  The 
asbestos-paper-covered  pipe  was  losing  heat  more  rapidly  than  the 
bright  tin  leader  pipe. 

It  therefore  becomes  a  nice  question  to  determine  the  heat  con- 
tent of  the  air  at  any  given  section  and  compare  it  with  the  heat 
content  at  some  other  section.  This  problem  is  still  further  compli- 
cated by  the  fact  that  a  velocity  traverse  at  this  same  section  (Fig.  27) 
with  a  Pitot  tube  and  micromanometer  shows  a  somewhat  similar 
variation  in  uniform^  of  flow  across  the  section.  The  true  mass 
temperature  is  then  the  summation  of  the  products  of  the  weight  of 
air  at  each  concentric  eqaul  area  a,  b,  c,  d,  and  e  and  the  mean  tempera- 
ture at  that  concentric  area  (Fig.  27),  divided  by  the  total  weight  of 
air  flowing'. 
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So  long  as  the  temperature  traverse  curve  at  one  section  has  the 
same  shape  as  at  another  section,  and  the  velocity  traverse  curves 
are  similar  to  each  other,  differences  in  temperature  and  heat  content 
are  quite  correctly  obtained  if  the  thermocouples  are  located  at 
similar  points  as  indicated  by  the  temperature  curves  at  the  two 
sections.    See  x  and  y  at  two  sections  on  Fig.  26. 


5  6V 

Air  \/e/oc//y  jn  ft.  per  sec. 


Fig.  27.     Variation  in  Velocity  across  a  10-inch  Leader 
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VII.     Air  Measurement  in  Furnace  Testing 

25.  Direct  and  Indirect  Methods. — The  measurement  of  the  air 
flow  in  furnace  testing  offers  peculiar  difficulties  owing  to  the  low 
velocities  encountered  and  the  very  small  pressure  differences  which 
cause  the  flow.  The  small  pressure  differences,  or  operating  heads, 
render  it  impossible  to  make  use  of  direct  measuring  devices  similar 
to  the  Thomas  meter,  or  other  meters,  due  to  the  fact  that  such 
meters  impose  resistance  greater  than  the  available  operating  heads. 
The  development  of  the  Wahlen  gage  (Section  IX)  has  made  it 
possible  to  extend  the  range  of  the  Pitot  tube  to  velocities  below  500 
feet  per  minute,  which  had  previously  been  considered  the  lower 
limit  for  the  use  of  the  tube.  However,  the  necessity  for  extreme 
refinement  in  the  measurements  of  velocity  head,  and  the  time  con- 
sumed in  making  traverses  with  the  Pitot  tube,  make  the  use  of  this 
method  unsatisfactory  where  a  large  number  of  observations  are  re- 
quired, as  in  furnace  testing  work.  For  this  reason  it  was  decided  to 
use  the  anemometer  as  an  indicating  instrument,  and  methods  were 
devised  for  comparing  and  checking  the  readings  of  the  anemometer 
against  some  primary  apparatus  for  accurately  measuring  the  amount 
of  air  flowing.  This  comparison  must,  of  course,  be  made  under  the 
same  conditions  as  existed  when  the  original  observations  were  made 
on  the  furnace  plants. 

26.  Method  for  a  Piped  Furnace  Test. — A  discussion  of  a  gen- 
eral scheme  for  traversing  the  register  faces  and  checking  the  ane- 
mometer readings  for  the  piped  furnace  is  given  in  the  first  report  of 
progress.*  The  primary  methods  for  measuring  air  for  this  work  have 
been  further  developed  and  will  be  discussed  in  a  later  paragraph, 
but  the  general  scheme  as  originally  outlined  has  been  retained. 

27.  Method  for  a  Pipeless  Furnace  Test. — The  same  indirect 
method  of  air  measurement  with  some  modifications,  has  been  used 
for  calibrating  the  anemometers  for  the  pipeless  furnace  tests.     Fig. 

*  "Report  of  Progress  in  Warm-Air  Furnace  Research."      Univ.  of  111.   Eng.  Exp.   Sta., 
Bui.   112,   1919. 


INVESTIGATION  OF  WARM-AIR  FURNACES  AND  HEATING  SYSTEMS       77 

12  shows  the  anemometer  and  carriage  used  for  traversing  the  warm- 
air  face  of  the  pipeless  register.  This  carriage  held  the  anemometer 
at  a  distance  of  1-1/8  inches  from  the  surface  of  the  register  face, 
and  was  revolved  about  the  center  point.  The  anemometer  at  the 
same  time  could  be  moved  along  the  supporting  arm  and  could  be 
made  to  cover  any  point  on  the  register  face.  In  making  the  traverse, 
the  register  face  was  divided  into  3  circles  and  the  anemometer  held 
at  4  points  on  each  circle  for  a  period  of  5  seconds  at  each  point, 
making  in  all  12  positions,  taken  over  a  period  of  one  minute.  Only 
two  readings  of  the  dial  are  necessary,  one  at  the  start  and  the  other 
at  the  end  of  the  traverse.  Both  readings  were  taken  with  the  ane- 
mometer running  in  position  over  the  register  face,  by  using  the  dial 
switch  lever. 

The  apparatus  for  calibrating  the  anemometers  for  the  pipeless 
furnace  tests  is  shown  in  Fig.  11.  The  furnace  itself  formed  part  of 
this  apparatus.  Air  was  delivered  to  the  furnace  at  a  point  above  the 
bottom  of  the  inner  casing  by  means  of  a  motor  driven  pressure 
blower  fan.  This  fan  took  the  air  from  the  laboratory  through  a 
10-1/32  inch  wrought  iron  pipe  on  which  a  Pitot  tube  and  piezometer 
ring  were  mounted.  The  Pitot  tube  and  piezometer  ring  were  16 
feet  from  the  entrance  to  the  pipe.  A  thermometer  was  also  inserted 
just  back  of  this  point.  The  velocity  head  in  the  pipe  was  measured 
by  means  of  a  Wahlen  gage.  The  whole  system,  including  the  fur- 
nace, was  made  air  tight,  and  occasional  tests  were  made  with  smoke 
bombs  to  prove  that  the  system  remained  air  tight.  Therefore,  the 
weight  of  air  which  passed  the  Pitot  tube  was  also  delivered  at  the 
register  face. 

When  it  was  desired  to  calibrate  the  anemometer,  the  .cold-air 
register  face  was  closed  by  clamping  the  plate  shown  at  the  left  in 
Fig.  12  over  the  face.  This  plate  was  lined  on  the  under  side  with 
felt,  which  insured  an  air  tight  joint.  The  controlling  rheostat  on 
the  fan  motor,  and  the  furnace  dampers  were  then  adjusted  until  the 
anemometer  gave  the  same  reading  as  that  obtained  on  the  furnace 
test  for  which  the  anemometer  was  being  calibrated,  and  the  air  leav- 
ing the  register  face  was  at  the  same  observed  temperature  as  that 
obtained  on  the  test.  When  the  preceding  conditions  had  been  satis- 
fied, a  reading  of  the  velocity  head  was  taken  on  the  Wahlen  gage. 
The  anemometer  reading  could  then  be  compared  with  the  true  air 
velocity  through  the  register  grille.     This  true  air  velocity  was  cal- 
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culated  from  the  weight  of  air,  determined  by  the  use  of  the  Pilot 
ube  and  the  temperature  at  the  register  face.  Under  normal  Con- 
dons, when  a  test  was  being  run,  the  calibrating  apparatus  was 
dosed  off  from  the  furnace  system  by  means  of  a  damper  and 
the  furnace  took  air  into  the  cold-air  register  face,  <«P«W£«* 
own  motive  head.  This  method  of  calibration  has  proved  •£**"£ 
and  has  been  used  for  all  the  pipeless  furnace  tests  included  in  this 
report. 


Fig.  28.     Air  Dryers  and  Compressor  for  Air  Weighing  Plant 


Fig.  29.     Tank,  Scales,  and  Calibrating  Pipe  for  Air  Weighing  Plant 


Fig.  .30. 


Kegulating  Equipment  for  Controlling  Flow  in  Air  Weighing 
Plant 
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VIII.     Air    Weighing    Plant   for    Calibration    Purposes 

28.  Description  of  Plant. — The  plant  which  has  been  developed 
for  the  calibration  of  the  anemometers  used  at  the  register  faces  of 
the  piped  furnace  plant  is  shown  in  Figs.  28  to  32.  The  original 
plant  used  in  some  of  the  preliminary  tests  consisted  merely  of  a 
fan  having  a  heater  placed  in  the  suction  pipe,  and  a  5  inch  delivery 
pipe  in  which  a  Pitot  tube  was  placed.  The  register  heads  were  at- 
tached to  the  outlet  of  the  5  inch  pipe  with  suitable  connections. 
This  plant  is  discussed  in  Section  IX. 

Certain  discrepancies  in  the  results  of  the  piped  furnace  tests 
and  in  the  results  from  anemometer  calibrations  led  to  an  attempt 
to  check  the  results  by  measuring  the  pressure  loss  through  a  cali- 
brated orifice.  Wide  variations  in  the  weights  of  air  determined  by 
the  orifice  and  the  Pitot  tube  made  it  evident  that  some  primary 
method  of  obtaining  the  weight  of  air  passing  through  the  system 
would  have  to  be  adopted,  and  the  weighing  apparatus  in  its  present 
form  was  therefore  developed. 
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Fig.  31.     Sectional  Elevation  of  Air  Weighing  Plant 
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Air  from  the  compressed  air  main  in  the  laboratory  is  taken 
into  a  booster  compressor  after  passing  through  a  separator  (Fig.  28) 
and  three  calcium  chloride  dryers.  These  dryers  take  out  most  of  the 
moisture  so  that  a  wet  and  dry  bulb  psychrometer  placed  at  the  register 
face  indicates  a  relative  humidity  of  approximately  10  per  cent  at 
a  temperature  of  70  deg.  F.  At  higher  temperatures  the  relative 
humidity,  of  course,  is  lower.  The  air  from  the  compressor  is  de- 
livered into  a  tank  resting  on  platform  scales.  The  tank  was  built 
for  a  working  pressure  of  300  lb.  per  sq.  in.  and  at  this  pressure 
contains  approximately  200  pounds  of  air.  Fig.  31  shows  the  general 
arrangement  of  the  tank  and  scale  and  a  detail  of  the  end  of  the 
scale  beam.  The  scale  used  is  a  Fairbanks  No.  2153  four-ton  heavy 
duty  built-in  suspended-platform  scale.  The  lever  ratio  is  500  to  1 
and  the  beam  is  a  double  beam  reading  200  lb.  on  each  beam  and 
graduated  to  one  pound.  A  brass  knife-edge  makes  contact  with  the 
lower  edge  of  the  scale  beam  at  about  the  mid  point  of  its  travel. 
When  the  beam  touches  the  knife-edge  it  closes  an  electric  circuit 
and  rings  a  bell.  All  weighings  are  then  taken  with  the  beam  travel- 
ing in  the  same  direction,  and  at  the  same  point  of  its  travel. 

This  method  of  weighing  was  recommended  by  Mr.  C.  A.  Briggs 
of  the  U.  S.  Bureau  of  Standards,  who  inspected  the  scale,  and  who 
offered  many  valuable  suggestions.  The  Bureau  of  Standards  has 
also  cooperated  with  the  research  staff  to  the  extent  of  lending  four 
50  lb.  standard  test  weights  to  be  used  for  this  investigation. 

In  regard  to  the  accuracy  which  it  is  possible  to  realize,  the 
following  paragraph  is  taken  from  Mr.  Briggs'  report  on  the  scale: 

"The  general  principle  employed  in  the  weighing  appears  to 
promise  the  highest  accuracy  which  can  be  obtained  from  a  scale  of 
the  character  and  capacity  used.  If  the  scale  can  remain  practically 
undisturbed  throughout  the  experiments,  and  vibration  can  be 
avoided,  it  is  probable  that  an  accuracy  of  about  0.01  lb.  can  be 
obtained  under  the  best  conditions.  This  may  make  it  possible  to 
reduce  the  weight  of  air  required  and  shorten  up  the  time  of  the 
experiments.  However,  the  use  of  the  pin  point  connections  where  the 
short  levers  connect  with  the  long  lever,  and  where  the  long  levers 
connect  with  the  shelf  lever,  may  reduce  the  accuracy  of  the  results. 
This,  however,  remains  to  be  seen." 

In  view  of  the  preceding  statement,  it  appears  safe  to  consider 
that  an  accuracy  within  1  lb.  has  been  attained.     Since  150  lb.  of 
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air  are  always  available  for  a  test  the  error  is,  therefore,  probably 
less  than  0.7  per  cent. 

A  union,  A,  in  the  pipe  line  and  a  valve,  B,  at  the  tank  (Fig.  31) 
make  it  possible  to  disconnect  the  tank  from  the  compressor  when  the 
required  pressure  is  attained,  and  leave  the  tank  resting  freely  on 
the  scales.  A  flexible  coupling,  C,  leads  from  the  tank  to  the  valves  con- 
trolling the  flow.  With  the  arrangement  of  the  flexible  coupling  shown 
it  has  been  found  possible  to  detect  the  addition  of  a  weight  of  0.2 
pound  to  the  scale  platform  by  a  change  in  the  position  of  the  scale 
beam.  This  was  done  when  the  scales  were  fully  loaded.  The  ap- 
paratus is  therefore  considered  sensitive  within  the  limits  already 
stated.  Care  must  be  taken  not  to  touch  the  flexible  coupling  after 
a  test  is  started,  as  it  would  take  a  different  "set"  and  thus  affect  the 
scale  reading. 

Fig.  32  shows  the  general  arrangement  and  dimensions  of  the 
apparatus  beyond  the  flexible  connector.  The  flow  of  the  air  is  con- 
trolled by  two  needle  valves,  M  and  N,  one  in  the  main  pipe  line  and 
one  in  a  by-pass.  It  has  been  found  possible  to  regulate  the  flow 
within  0.002  inch  velocity  head  at  the  orifice  by  means  of  these  valves. 
After  passing  the  valves  the  air  expands  into  a  chamber  of  steel 
shavings,  S,  to  break  up  the  effect  of  stream  lines,  and  thence  it  passes 
through  two  electrical  coil  heaters.  After  leaving  the  heaters,  the 
air  goes  through  a  small  multi-bladed  fan,  and  enters  a  straight  pipe 
containing  the  orifice,  O,  and  Pitot  tube,  P.  This  pipe  was  built  in 
sections  as  shown,  and  the  inside  surface  of  each  section  finished  iu 
order  that  the  area  of  the  cross  section  might  be  accurately  de- 
termined, and  also  that  the  holes  for  the  piezometer  should  be  flush 
with  the  surface.  A  honeycomb,  II,  with  1*4  inch  openings,  is  inserted 
in  the  pipe  to  straighten  the  air  stream  before  entering  the  orifice. 

The  orifice  used  in  all  tests  was  a  thin  disk  orifice,  and  the 
pressure  tubes  on  either  side  were  installed  in  accordance  with  the 
instructions  furnished  by  the  maker.  The  shape  of  the  orifice,  and  its 
area,  together  with  the  location  of  the  pressure  tubes,  is  shown  in  Fig. 
33.  The  pressure  drop  through  the  orifice  is  obtained  by  attaching 
a  Wahlen  gage  to  these  pressure  tubes.  Beyond  the  orifice  is  installed 
the  Pitot  tube,  consisting  in  this  case  of  the  dynamic  tube  alone.  The 
static  pressure  connections  are  located  at  either  side  of  the  pipe.  The 
openings  into  the  pipe  for  these  connections  are  1/50  inch  holes. 
The  temperature  of  the  air  is  taken  by  means  of  a  mercury  ther- 
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raometer  inserted  just  after  the  honeycomb  and  extending  midway  into 
the  pipe.  All  piping  from  the  heaters  to  the  outlet  is  lagged  with 
magnesia  covering  to  insure  as  uniform  air  temperature  as  possible. 
The  purpose  of  the  fan,  shown  in  Fig.  32,  is  to  make  it  possible 
to  calibrate  anemometers  quickly  and  conveniently  without  having  to 
depend  upon  the  air  which  has  been  compressed  into  the  tank  on  the 
scale.  It  requires  about  3  hours  to  compress  air  into  this  tank  to  a 
pressure  of  300  pounds  per  square  inch.  After  the  orifice  has  been 
calibrated  by  weighing  air  passed  through  it  from  the  tank,  a  cali- 
bration of  an  anemometer  can  be  made  by  attaching  a  register  head 
to  the  outlet,  and  comparing  the  anemometer  readings  with  the  rate 
of  air  flow  as  determined  by  the  orifice.  This  is  done  by  closing  the 
needle  valves  and  loosening  the  plate  at  the  end  of  the  tee,  T,  which  is 
placed  before  the  heaters.  When  the  fan  is  started  air  is  drawn 
through  this  opening  and  delivered  through  the  orifice  and  out  through 
the  register  head.     The  amount  of  air  is  controlled  by  using  the 
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Fig   33.     Calibration-    Curves    for   Thix    Plate   Orifice 
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plate  as  a  gate  valve,  thus  regulating  the  size  of  the  opening  between 
it  and  the  pipe.  The  temperature  of  the  air  is  controlled  by  the 
electric  heaters. 

Some  doubt  has  been  expressed  as  to  whether  the  conditions  at 
the  orifice  may  not  be  changed  when  air  is  drawn  through  the  heaters 
and  delivered  to  the  orifice  by  the  fan  instead  of  being  forced  through 
the  heaters  and  the  rest  of  the  system  with  the  fan  stationary.  Care- 
ful tests  proved  that  no  difference  could  be  detected  in  the  calibration 
of  the  orifice  whether  the  fan  was  stationary  or  running.  It  is  there- 
fore considered  safe  to  use  the  orifice  calibration  curves  for  the  pur- 
pose of  calibrating  the  anemometers  when  the  air  is  supplied  by  fan. 
Greater  care  has  to  be  taken  when  calibrating  the  orifice  with  the 
fan  running,  as  small  leaks  at  the  stuffing  box  will  materially  affect 
the  results.  In  fact,  great  care  must  be  exercised  at  all  times  to 
insure  that  the  whole  system  is  air  tight.  The  calibration  curves 
in  Fig.  33  were  obtained  with  the  fan  stationary. 

A  leakage  test  was  run  on  the  apparatus  in  order  to  determine 
whether  any  correction  should  be  made  for  air  leakage  at  pipe  threads 
and  in  the  flexible  connector.  This  was  done  by  pumping  the  tank 
up  to  a  pressure  of  300  lb.  per  sq.  in.,  closing  the  needle  valves  and 
valve  at  the  air  inlet,  and  allowing  the  tank  to  stand.  Periodic  ob- 
servations of  the  pressure  and  temperature  in  the  tank  were  taken. 
These  observations  extended  over  a  period  of  80  hours.  The  drop  in 
pressure  was  then  transferred  into  terms  of  actual  weight  of  air  lost, 
and  the  rate  of  loss  in  pounds  per  minute  was  determined.  The  re- 
sults of  this  test  showed  an  average  leakage  of  0.01  lb.  of  air  per 
minute.  Since  the  maximum  time  of  running  for  any  one  test  was  42 
minutes,  the  maximum  correction  never  exceeded  0.5  lb. 

29.  Method  of  Procedure  for  Calibration  Test. — The  following 
method  of  procedure  was  used  for  conducting  calibration  tests  on  the 
orifice.  The  compressor  was  run  until  a  gage  on  the  tank  indicated 
a  pressure  of  approximately  300  lb.  per  sq.  in.  in  the  tank.  The 
inlet  valve  was  then  closed,  and  the  union  in  the  pipe  between  the 
compressor  and  the  tank  disconnected,  thus  allowing  the  tank  to 
rest  freely  on  the  scales  without  interference,  except  for  the  flexible 
connector.  A  Wahlen  gage  was  attached  to  the  pressure  tubes  on 
either  side  of  the  orifice,  in  such  a  manner  that  it  indicated  the 
pressure  drop  through  the  orifice.    The  plate  at  the  end  of  the  heater 
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was  made  tight.  The  needle  valve  was  then  slowly  opened  until  the 
Wahlen  gage  indicated  the  predetermined  head  for  the  test.  This 
usually  entailed  a  pressure  loss  in  the  tank  of  about  10  lb.  per  sq.  in. 
As  soon  as  the  flow  was  under  control  at  the  needle  valve,  the  scale 
beam  was  balanced  so  that  it  rested  lightly  against  the  top  of  the 
stirrup,  and  the  counterweight  was  locked.  As  the  air  was  withdrawn 
from  the  tank,  the  scale  beam  gradually  dropped  and,  when  it  touched 
the  knife  edge  shown  in  the  insert  in  Fig.  31,  it  closed  a  circuit  and 
rang  a  bell. 

This  was  the  signal  for  the  first  time  reading  which  was  taken  by 
means  of  a  stop  watch.  After  the  signal,  a  50  lb.  standard  test 
weight  was  placed  on  the  scale  platform.  This  caused  the  beam  to 
rise  to  the  top  of  the  stirrup.  When  50  lb.  of  air  had  been  taken 
from  the  tank  the  beam  again  dropped,  closing  the  circuit  and  ringing 
the  bell,  thus  giving  the  signal  for  the  second  time  observation.  Another 
50  lb.  test  weight  was  then  placed  on  the  platform,  and  in  due  course 


Table  5 
Results  of  Calibration  op  Orifice  by  Weighing  Air 


Barometer 

Temperature 

Velocity 

Weight 

No. 

Date 

Inches 

of  Air 

Head 

of  Air 

Mercury 

Degrees  F. 

Inches  Water 

Lb.  per  Min. 

1 

6-28-20 

29.41 

81.2 

0.0073 

2.36 

2 

6-28-20 

29.41 

77.5 

0.0150 

3.87 

3 

4-16-20 

28.79 

70.7 

0.0307 

5.61 

4 

6-24-20 

29.39 

71.1 

0.0567 

7.48 

5 

4-14-20 

28.90 

69.9 

0.0932 

9.30 

6 

6-24-20 

29.43 

69.7 

0.0944 

9.60 

7 

8-4-20 

29.25 

66.4 

0.1108 

10.08 

8 

6-26-20 

29.12 

68.8 

0.1338 

11.21 

9 

7-16-20 

29.29 

69.5 

0.1410 

11.38 

10 

7-15-20 

29.21 

68.1 

0.1413 

11.53 

11 

6-25-20 

29.49 

68.8 

0.1590 

12.19 

12 

6-25-20 

29.49 

65.6 

0.2022 

13.96 

13 

8-19-20 

29.30 

100.1 

0.0212 

4.40 

14 

8-18-20 

29.21 

100.0 

0.0608 

7.34 

15 

8-20-20 

29.27 

100.0 

0.0905 

8.84 

16 

8-18-20 

29.21 

100.2 

0.1205 

10.17 

17 

8-19-20 

29.30 

99.9 

0.1505 

11.32 

18 

8-17-20 

29.34 

100.2 

0 . 1800 

12.36 

19 

8-17-20 

29.34 

129.9 

0.0210 

4.24 

20 

8-13-20 

29.05 

129.9 

0.0600 

7.09 

21 

8-21-20 

29.11 

130.0 

0.0903 

8.55 

22 

8-13-20 

29.05 

130.5 

0.1200 

9.82 

23 

8-16-20 

29.27 

130.2 

0.1500 

10.98 

24 

8-16-20 

29.27 

129.4 

0.1800 

11.90 

25 

8-12-20 

29.11 

160.4 

0 . 0200 

4.05 

26 

8-12-20 

29.11 

160.0 

0.0400 

5.59 

27 

8-9-20 

29.18 

160.5 

0.0600 

6.84 

28 

8-9-20 

29.18 

161.3 

0.0800 

7.92 

29 

7-20-20 

29.33 

159.0 

0 . 1000 

8.90 

30 

8-11-20 

29.21 

160.5 

0.1400 

10.23 

31 

8-10-20 

29.17 

160.7 

0 . 1800 

11.54 
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a  third  time  observation  made.  Since  150  lb.  of  air  was  always  avail- 
able, it  was  always  possible  to  divide  a  test  into  3  parts,  and  if  a 
uniform  rate  of  flow  was  maintained  it  was  possible  to  check  the 
times  for  the  three  periods  very  closely.  In  most  cases,  it  was  found 
possible  to  maintain  a  constant  head  at  the  orifice  within  0.002  inch 
of  alcohol,  and  the  time  intervals  checked  within  one  or  two  seconds. 

30.  Results  of  Calibration  of  Orifice. — The  orifice  has  been  cali- 
brated over  a  range  of  temperatures  from  70  deg.  F.  to  160  deg.  F., 
and  for  rates  of  flow  varying  from  2.36  lb.  of  air  per  minute  to  13.96 
lb.  per  minute.  These  results  were  obtained  by  Mr.  C.  Z.  Rosecrans, 
Graduate  Research  Assistant,  working  under  direction  of  the  research 
staff,  and  are  shown  in  the  curves  of  Fig.  33  and  in  Table  5.  Inspec- 
tion of  the  curves  shows  that  with  very  few  exceptions  the  points  fall 
exactly  on  the  curves.  This  indicates  that  the  apparatus  performed 
consistently  and  accurately,  and  demonstrates  that  weighing  air  in 
large  amounts  for  experimental  purposes  is  both  feasible  and  reliable. 


<?? 


Fig.  34.     The  Wahlen  Gage 
(Illinois    Differential    Micromanometer) 
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IX.     The  Wahlen  Gage 

(ILLINOIS  MICROMANOMETER) 

31.  Need  for  a  Sensitive  Device  for  Measuring  Air  Pressure. — 
Reference  was  made  in  Section  VII  to  the  fact  that  this  investigation 
involved  the  measurement  of  unusually  low  air  velocities  ranging 
from  2  to  7  feet  per  second,  or  velocity  heads  of  about  0.0015  to  0.0120 
inches  of  water,  while  the  quantities  of  air  flowing  were  relatively 
large,  ranging  from  40  000  to  90  000  cu.  ft.  per  hour.  Moreover, 
the  total  head  for  producing  flow  was  extremely  slight,  amounting  to 
only  a  few  hundredths  of  an  inch  of  water  pressure.  In  all  cases 
the  air  was  at  or  very  near  atmospheric  pressure. 

It  was,  therefore,  necessary  to  find  some  measuring  device  which 
would  offer  no  frictional  resistance  to  air  flow,  would  be  extremely 
sensitive,  readily  portable,  simple  to  operate,  and  accurate.  No  such 
device  could  be  found,  although  it  was  believed  that  if  such  a  gage 
were  used  in  connection  with  a  Pitot  tube,  the  requirements  would 
practically  be  met,  and  it  would  be  possible  to  measure  these  low  ve- 
locities directly.  The  gage  which  most  nearly  met  the  requirements 
of  the  case  was  the  Chattock*  Gage,  and  one  of  these  gages  was  con- 
structed, and  tested.  There  was  no  doubt  about  its  sensitiveness, 
but  certain  operating  difficulties  made  its  application  to  the  work  very 
troublesome,  involving  a  great  deal  of  labor. 

Every  possible  refinement  of  measurement  was  resorted  to  with- 
out complete  success  until  F.  G.  Wahlen  (detailed  to  this  work  from 
the  Experiment  Station  Staff)  finally  developed  a  remarkable  gage 
(Fig.  34)  so  sensitive  and  accurate  that  it  would  measure  a  pressure 
head  of  less  than  0.0001  of  an  inch  of  water,  and  respond  instantly 
to  the  slightest  fluctuation  in  pressure.  This  equipment  is  a  distinct 
addition  to  such  precision  instruments  as  are  available  for  measuring 
low-pressure  heads. 


*  See  "Report  on  Wind  Tunnel  Experiments  in  Aerodynamics,"  by  J.  C.  Hunsaker. 
and  others.  Page  12,  et  seq.,  published  by  the  Smithsonian  Institution,  Washington,  D.  C. 
Jan.   15,    1916 
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32.  Description  of  the  Gage. — The  essential  features  of  the  gage 
are  clearly  shown  in  the  illustrations  (Figs.  34  and  35),  from  which 
it  will  be  seen  that  a  rigid  base  set  on  three  leveling  screws  is  used 
to  support  two  large  glass  bulbs,  A  and  B,  which  are  in  communication 
with  each  other  through  an  inverted  U  tube  of  peculiar  shape.  For 
maximum  sensitiveness,  it  is  important  that  in  addition  to  the  con- 
striction in  the  right  hand  leg  of  this  tube,  there  should  be  an  en- 
largement of  the  bore  in  the  left  hand  leg  at  the  plane  where  the 
liquids  meet.  The  left  hand  bulb,  B,  is  rigidly  attached  to  the  base 
frame,  but  the  right  hand  bulb,  A,  moves  vertically  up  or  down  with 
the  carriage  to  which  it  is  attached.  The  motion  of  this  carriage 
is  controlled  by  practically  frictionless  guides  which  eliminate   all 


Cross  level         Flexible  rubber  connectors 


Guide  bar 

Guide 


v.  Base  \Tube   £ 

Fig.   35.    Plan  and   Elevations   of   Wahlen   Gage 


D. 


Fig.  36.    Wahlen  Gage  in  Use  on  a  Leader 
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back  lash  or  side  sway.  This  movement  is  under  the  positive  control 
of  a  micrometer  screw,  reading  to  0.001  inch  direct,  and  takes  place 
with  a  slight  swivelling  action  of  the  joints  in  the  right  hand  con- 
nector tube,  E.  Pressures  are  communicated  to  the  two  bulbs  at  Px 
and  P2  through  the  flexible  connectors  on  the  top  of  each. 

Alcohol  (0.8195)  about  half  fills  the  bulbs  and  the  U  tube,  and 
a  little  aniline  dye  gives  a  distinctive  red  color.  The  upper  part  of 
the  U  tube  is  completely  filled  with  a  clear  kerosene  and  ligroin 
mixture  so  made  up  that  its  specific  gravity  is  0.0095  less  than  the 
density  of  the  colored  alcohol. 

The  specific  gravity  of  the  alcohol,  which  should  be  saturated 
with  kerosene  and  ligroin  mixture,  may  vary  from  0.8100  to  0.8300 
provided  the  kerosene  and  ligroin  mixture  is  made  up  to  a  specific 
gravity  about  0.0075  to  0.0095  less  than  the  alcohol.  In  fact,  ordinary 
kerosene  (0.8043)  may  be  used  as  the  lighter  liquid  with  complete 
success  if  the  proper  density  difference  is  maintained  as  stated. 

In  operation  (Figs.  30  and  35),  the  gage  is  first  balanced  at  zero 
with  both  pressure  connections  open.  It  is,  of  course,  necessary  to 
keep  the  gage  always  level,  for  which  purpose  the  three  leveling 
screws  and  the  cross  test-level  are  provided.  This  balancing  is  easily 
done  by  bringing  the  meniscus  in  the  constricted  side  of  the  U  tube 
(3mm.  tube  C)  to  a  reference  hair-line  engraved  near  the  center  of 
the  tube  and  then  reading  the  micrometer.  This  zero  setting  can  be 
accomplished  (without  using  a  miscroscope)  to  within  0.0001  of  an 
inch  of  alcohol,  equivalent  to  about  0.00008  of  an  inch  of  water. 
Pressure  connections  are  then  made  at  Px  and  P2  and  the  movable 
carriage  and  its  liquid  bulb,  A,  so  manipulated  that  the  meniscus  is 
brought  back  to  the  reference  line  on  the  U  tube,  C,  and  micrometer 
read  again.  In  fact,  by  proper  use  of  the  stop  cock  in  the  connecting 
arm  of  the  gage  this  meniscus  is  never  allowed  to  move  out  of  the 
constricted  tube  at  all.  The  difference  between  the  two  micrometer 
readings  when  multiplied  by  the  density  of  the  alcohol  gives  the 
pressure  head  in  inches  of  water.  A  final  zero  reading  is  always 
taken  and  must  check  with  the  original  zero.  As  the  density  of  the 
alcohol  varies  with  its  temperature  a  density-temperature  calibration 
curve  is  used,  and  the  gage  may  be  enclosed  in  a  glass  case  where  there 
are  drafts,  as  shown  in  Fig.  36.  The  curve  is  plotted  from  densities 
obtained  at  various  temperatures  to  within  0.1  per  cent  with  a  Westphal 
specific  gravity  balance. 
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The  micrometer  screw  has  a  free  movement  of  %  inch,  hence  a 
pressure  difference  as  great  as  %  inch  head  of  alcohol  may  be 
measured. 

33.  Method  of  Filling  the  Gage.— The  glass  ware  and  rubber 
tubing  must  be  chemically  clean  before  filling,  and  the  rubber  nipples 
must  be  unaffected  by  alcohol. 

The  liquids  are  put  into  the  gage  as  follows :  the  red  alcohol 
is  put  in  first  so  that  it  fills  the  inverted  U  tube  C  entirely,  all  the 
connections  and  about  one  third  the  bulbs  (Fig.  35;  a  small  glass 
tube  with  a  small  rubber  tube  about  four  or  five  inches  long  is  put 
down  the  left  hand  bulb  so  that  the  rubber  tubing  curls  around  the 
bottom  stem  of  the  bulb,  and  around  the  left  hand  bottom  bend  of  the 
inverted  U  tube ;  a  small  glass  funnel  is  connected  to  the  glass  tube 
and  the  kerosene  mixture  is  slowly  poured  in ;  it  runs  down  the 
glass  tube  through  the  rubber  tubing  (controlled  by  pinch  cock) 
into  the  inverted  U  tube  where  it  displaces  the  alcohol  which  flows 
into  the  bulbs ;  at  the  proper  time  the  stop  cock  is  opened  a  little  to 
flow  the  mixture  evenly  into  both  legs  of  the  U  tube  to  the  level 
of  the  cross  hair  on  the  constricted  tube ;  when  the  right  amount 
has  been  added,  the  glass  and  rubber  tubing  is  withdrawn  and  alcohol 
is  added  to  the  two  bulbs  to  make  them  about  half  full,  and  bring  the 
four  alcohol  levels  to  the  elevation  of  the  cross  hair  in  the  constricted 
tube. 

A  thousandth  of  an  inch  movement  of  the  micrometer  screw  moves 
the  meniscus  about  a  sixteenth  of  an  inch.  The  movement  of  the 
meniscus  may  be  adjusted  to  be  greater  or  less,  by  adjusting  the 
difference  of  the  specific  gravities  to  be  greater  or  less  than  0.0085, 
which  was  found  to  be  about  the  ' '  happy  medium ' '  for  ordinary  work. 

It  will  be  evident  from  the  preceding  statement  that,  as  there 
has  been  no  movement  of  the  measuring  liquid,  no  corrections  are 
necessary  for  capillarity,  viscosity,  variations  in  bore  of  tubes,  or 
conditions  of  glass  surface.  The  sensitiveness  of  the  gage  depends, 
first,  upon  the  relation  between  the  areas  of  the  constricted  tube  and 
the  large  cross  section  of  the  bulbs,  secondly,  upon  the  viscosity  char- 
acteristics of  the  two  liquids  and  the  small  density  differential,  and 
thirdly,  upon  the  fact  that  the  constricted  part  of  the  U  tube  is  very 
short.  All  other  connections  are  large  and  free.  A  standard  ma- 
chinist's precision  micrometer  forms  the  measuring  element   of  the 
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gage  ensuring  a  high  degree  of  accuracy  within  the  range  of  measure- 
ment. 

34.  Use  of  the  Gage  with  Pitot  Tube. — The  gage  may  be  used 
as  a  direct  reading  instrument  in  connection  with  a  Pitot  tube  for 
measuring  and  studying  the  velocity  of  outflow  of  air  at  the  end  of 
a  pipe  or  at  a  register  face.  In  this  case,  only  one  pressure  tube  con- 
nection is  necessary  and  the  measured  head  is  the  velocity  head.  It 
is  also  possible  to  use  the  gage  for  measuring  velocity  heads  or 
pressures  within  a  pipe,  so  long  as  the  maximum  velocity  head  or 
pressure  at  the  section  does  not  exceed  the  limit  of  the  gage,  which  is 
about  %  inch  head  of  alcohol. 

A  typical  series  of  measurements  of  this  latter  sort  is  shown  in 
Fig.  27  in  which  the  flow  of  air  in  a  10-inch  diameter  pipe  has  been 
measured.  In  order  to  do  this,  the  area  of  the  pipe  was  divided  into 
5  equal  concentric  rings  and  the  velocity  head  measured  at  the  mid- 
diameter,  on  two  diameters,  of  each  ring.  The  readings  on  the  vertical 
diameter  only  are  shown  for  a  mean  velocity  of  about  16  feet  per 
second.  It  will  be  noticed  that  there  is  a  marked  variation  in  velocity 
across  the  section  and  that  the  maximum  velocity  is  not  at  the  center 
of  the  pipe  by  any  means.  The  arrangement  of  the  apparatus  is 
shown  in  the  upper  left  hand  corner  of  Fig.  37,  and  it  will  be  evident 
that  the  connections  are  so  made  at  the  reading  station  that  the 
Wahlen  gage  records  only  the  velocity  pressure.  The  total  pressure 
in  the  pipe  is  read  by  the  Pitot  tube,  but  as  this  includes  the  static 
pressure  at  the  section,  a  second  connection  is  made  to  the  sides  of 
the  pipe  and  the  static  pressure  is  admitted  to  the  other  bulb  of  the 
gage.  In  this  way,  the  gage  is  made  to  indicate  only  the  velocity 
pressure  at  the  point  of  the  Pitot  tube. 

The  computations  for  the  true  mean  velocity  in  the  pipe  are 
readily  made  by  use  of  the  hydraulic  formula  for  flow  of  fluids  as 
follows : 


V  =  <1qH 

V  =  velocity  in  feet  per  second. 

g  =  32.16  ft.  per  second  per  second,  acceleration  of  a  freely  fall- 
ing body  under  attraction  of  gravity  alone. 
H  =  head  in  feet  of  air  at  density  of  air  flowing  in  pipe. 
Since  the  head  is  being  measured  in  inches  of  alcohol  and  not  in  feet 
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of  air,  certain  additional  factors  must  be  introduced  to  transform  the 
head  in  inches  of  alcohol  into  feet  of  air. 
TT ,      hak 

d  =  weight  of  cu.  ft.  of  air  at  temperature  and  pressure  in 

pipe. 
h  =  inches  of  alcohol. 
a  =  specific  gravity  of  alcohol    (water  1.0  at  60  deg.  F.)   at 

temperature  of  gage. 
k  =  weight  of  cu.  ft.  of  water  at  temperature  of  60  deg.  F. 
12  =  inches  in  one  foot. 
The  practical  equation  of  actual  use  then  becomes : 

y=      J2ghak 
\    12d 

Moreover,  as  usually  only  the  mean  velocity  Vm  is  desired,  it  is 
necessary  to  average  the  sum  of  all  the  velocity  readings  to  get  Vm- 
This  is  done,  for  say  n  readings,  along  any  one  diameter  (Fig  27)  as 
follows : 

jr      _  ^  +  72  +  73  +  -...  tO  7n 

'  m  ' 

n 
or 

v   =j2gak(  V  Vr  VJ£+  VfeT+-to  V/Q 
m       \  12d  X  n 

in  which, 

Vm  =  mean  velocity  in  ft.  per.  second. 

hlt  h2,  h3,  etc.  =  the  heads  in  inches  of  alcohol  as  read. 
n  =  number  of  readings  taken  in  the  traverse. 

It  will  often  be  found  convenient  to  establish  a  relation  between 
the  velocity  at  the  center  of  the  pipe  and  the  mean  velocity.  This 
relation  is  easily  expressed : 

V  lh~ 


v- 


C       Ve      \  hc 

C  =  ratio  of  mean  velocity  to  center  velocity, 
Vm  =  mean  velocity  in  feet  per  second  as  already  stated, 
Vc  =  velocity  at  center  of  pipe  in  feet  per  second, 
hm  =  mean  velocity  head,  determined  from  hu  h2,  h3,  etc., 
hc  =  velocity  head  at  center  of  pipe, 
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and  ranges  from  0.90  or  less  to  almost  1.0,  but  varies  with  size  of 
pipe  and  velocity  of  flow. 

These  measurements  are  usually  made  to  determine  the  weight  of 
air  flowing  per  hour,  and  it  is  possible  to  express  the  result  directly 
as  follows : 

WhT  =  CVeAdXZQ00. 


C\jhcad[\Jk\J^  A  x3GOo] 


The  factors  in  the  bracket  can  readily  be  expressed  as  a  constant 
for  any  given  test  since  k  =  62.40,  g  =  the  acceleration  due  to  gravity, 
and  A  =  the  area  of  the  pipe  in  sq.  ft.,  do  not  change  for  a  given 
position  on  the  earth  or  for  a  given  diameter  of  pipe.  The  other  values 
must  be  obtained  for  each  velocity  measurement  and  have  already 
been  described  in  the  preceding.  The  value  of  d,  or  density  of  air, 
is  found  for  dry  air  as  follows : 

d  =  ~^- 

53.35T 

d  =  weight  of  1  cu.  ft.  of  dry  air. 
P  =  pressure  in  pounds  per  sq.  ft. 

(barometer  reading  in  inches  X  0.491  =  pounds  per  sq.  in.) 
T  =  absolute  temperature  of  air  flowing,  or  Fahrenheit  tempera- 
ture +  460. 
53.35  =  a  constant  for  dry  air. 

35.  Use  of  the  Gage  with  Orifice  Plate. — The  gage  may  also  be 
used  with  a  calibrated  orifice  placed  in  a  pipe  line  (Figs.  30  and  38) 
to  measure  the  pressure  drop  or  loss  due  to  the  orifice,  from  which  the 
amount  of  air  flowing  through  the  orifice  at  the  given  temperature  and 
pressure  in  the  pipe  may  be  readily  determined  by  reference  to 
calibration  curves.  Such  curves  (Fig.  33)  are  given  for  a  5-inch 
diameter  pipe,  and  an  orifice  plate  of  the  dimensions  shown.  This 
method  of  measuring  air  flow  is  quite  commonly  used,  but  it  is  most 
important  that  each  orifice  should  first  be  calibrated  for  each  pipe 
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diameter  by  means  of  a  separate  testing  plant  equipped  with  reliable 
apparatus.  For  a  method  of  doing  this  calibrating  work  for  air  at 
atmospheric  pressure  and  for  a  rate  of  flow  not  exceeding  100  pounds 
per  minute  see  Section  VIII.  Not  only  must  the  original  calibration 
work  be  accurately  carried  out,  but  the  pressure  tubes  must  be  in- 
serted before  and  after  the  orifice  in  exactly  the  same  manner  and  at 
the  same  distances  as  in  the  original  calibration  test.  (See  dimensions 
in  Fig.  38.) 

36.  Use  of  the  Gage  in  Calibrating  Anemometer. — It  is  not 
always  convenient  to  use  a  Pitot  tube  and  Wahlen  gage  in  pipe  lines 
carrying  air,  and  sometimes  the  measurement  can  only  be  made  at 
a  register  face.  Moreover,  the  velocity  at  the  register  face  is  often 
very  low,  especially  over  certain  parts  of  the  face.  This  means  that 
a  very  sensitive  "field"  instrument  must  be  used  as  an  indicator,  and 


Orifice  plote 


Direction  of  f/otv 
>- 


Hole  .04"Diam. 


Connecting  tubes 


Micromanometer. 


5"  Pipe  bored  smooth 


Fig.  38.     Section  of  Pipe  with  Orifice  and  Wahlen  Gage  in  Use  for 

Measuring   Air 
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its  readings  translated  into  true  "outlet"  velocities.  The  grille 
work  in  a  register  is  a  disturbing  factor,  as  it  not  only  obstructs  the 
area,  but  causes  the  air  to  "speed  up"  or  increase  its  velocity  as 
it  passes  through  the  open  spaces  between  the  grilles.  The  sum  of 
these  open  spaces  is  known  as  the  "free  area"  of  the  register,  and  it 
(varies  widely  with  different  types.  Hence,  an  instrument  used  in 
the  plane  of  the  grilles  will  show  a  higher  velocity  than  one  used  either 
inside  or  outside  of  the  grilles.  Finally,  any  instrument  will  be 
affected  by  the  temperature  of  the  air  passing  the  register  face. 

As  the  result  of  much  experimental  work,  it  has  been  shown  that 
a  small  (2y2  inch  fan  wheel)  anemometer,  fitted  with  jewel  bearings,' 
will  duplicate  its  reading  when  made  to  traverse  a  plane  one  inch  in 
front  of  and  parallel  to  a  register  face,  for  any  number  of  readings, 
well  within  1  per  cent,  provided  the  quantity  and  temperature  of  the 
air  are  kept  constant.  This  field  reading  is  of  no  absolute  value  as 
it  is  affected  by  many  factors,  but  if  the  anemometer  can  be  calibrated 
in  advance  under  the  identical  conditions  as  regards  air  temperature, 
rate  of  flow,  shape  of  inlet  or  outlet,  and  kind  and  size  of  registers 
that  exist  in  the  plant  under  test,  it  is  a  simple  matter  to  measure  the 
air  delivery  through  a  register. 

This  calibrating  work  has  been  done  in  a  special  plant,  (Fig.  37), 
always  available  in  the  furnace  research  work,  in  which  heated  air 
can  be  delivered  at  any  desired  temperature  and  velocity  through  a 
pipe  of  known  area.  This  air  is  then  discharged  through  a  register 
face  of  the  kind  to  be  tested,  with  the  anemometer  in  question  used 
as  the  outlet  measuring  instrument.  In  its  passage  through  the  pipe, 
the  air  was  accurately  measured  by  Pitot  tube  or  orifice  with  a 
Wahlen  gage  for  reading  pressures. 

Since  the  air  must  be  heated,  an  electric  resistance  heater  is 
placed  at  the  inlet  to  the  suction  of  a  small  fan  and  adjusted  to  give 
an  outlet  temperature  corresponding  to  the  actual  conditions  to  be 
investigated.  The  fan  discharges  the  air  through  a  5-inch  diameter 
pipe,  where  it  is  measured  by  the  Pitot  tube  or  orifice  with  great  ease 
and  accuracy,  as  the  velocity  in  the  pipe  is  relatively  high  compared 
with  the  velocity  through  the  free  area  of  the  register  face. 

After  the  air  passes  the  Pitot  tube,  it  enters  an  enlarged  and 
well  baffled  section  connecting  directly  to  a  standard  elbow  which 
turns  up  into  a  register  box  fitted  with  a  sidewall  register,  as  shown 
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in  Fig.  37.     This  register  box  and  boot  are,  of  course,  duplicates  of 
the  fittings  used  in  the  equipment  of  the  plant  under  test. 

It  will  be  apparent  that  if  the  exact  amount  of  air  passing  the 
Pitot  tube  is  known,  it  is  a  simple  matter  to  calculate  the  true  volume 
and  velocity  of  air  leaving  the  register  face.  With  the  true  velocity 
known  it  is  now  possible  to  calibrate  the  low  velocity  instruments, 
which  are  anemometers  of  the  best  obtainable  type.  Suitable  cross- 
head  guides  are  attached  to  the  register  frame  and  so  arranged  that 
the  anemometer  attached  to  the  cross-head  rod  is  forced  to  travel  in 
a  uniform  and  definite  manner  across  the  outlet  air  current  at  a  fixed 
distance  from  the  register  face.  As  exactly  similar  guides  and  the 
same  procedure  are  used  on  all  registers  in  the  plant  under  test  this 
same  anemometer  is  put  through  exactly  the  same  cycle  of  operations 
in  running  a  furnace  test. 

In  making  the  traverse,  an  initial  reading  of  the  anemometer 
dial  is  taken  with  the  instrument  in  position  No.  1  and  a  stop  watch  is 
started.  The  electric  heater  maintains  the  desired  temperature,  since 
it  is  most  essential  that  the  anemometer  be  calibrated  at  the  tempera- 
ture experienced  in  the  test.  At  the  end  of  five  seconds  the  instrument 
is  moved  to  position  No.  2,  and  so  on  through  twelve  positions,  and 
the  final  reading  only  is  then  noted.  In  this  way  it  is  possible  to 
average  automatically  the  velocity  of  the  outflowing  air  which,  of 
course,  does  not  flow  out  uniformly  over  the  area  of  the  face.  If  the 
.  original  reading  of  the  dial  was  3  820  and  the  final  is  3  979,  the 
instrument  indicates  a  velocity  of  159  ft.  per  minute  at  the  register. 
The  anemometer  will  duplicate  this  reading  within  one  per  cent  as 
often  as  it  is  desired  to  check  its  performance.  By  calculation  from 
the  reading  at  the  Pitot  tube,  the  true  velocity  was  found  to  be  223 
ft.  per  minute,  and  hence  for  this  particular  set  of  conditions  the 
anemometer  reads  too  low  by  64  ft.  per  minute. 

It  is,  of  course,  evident  that  it  would  simplify  matters  greatly 
if  a  series  of  calibrating  tests  were  run  in  advance  for  each  anemometer. 
A  series  of  curves  could  then  be  drawn  similar  to  the  one  shown  in 
Fig.  37  from  which  true  velocities  at  any  register  temperature  could 
be  found  as  soon  as  the  velocity  indicated  by  the  anemometer  on  any 
test  was  known.  It  is  most  important  to  have  the  calibrating  plant 
constantly  available  for  checking  the  performance  of  any  anemometer 
during  any  test. 
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X.     Heat  Losses  from  a  Pipeless  Furnace 

37.  Discussion  of  Heat  Losses  from  a  Furnace. — The  loss  of 
heat  from  warm-air  furnace  systems  occurs  in  part  by  the  radiation 
of  heat  from  the  hot  surfaces,  as  well  as  by  conduction  and  con- 
vection. These  phenomena  take  place  between  the  hot  surfaces  and 
colder  air  as  explained  in  Section  XII.  Radiant  heat  becomes  useful 
only  when  it  is  intercepted  by  bodies,  which  in  turn  give  up  heat  to 
the  air  by  conduction  and  convection.  Radiant  energy  is  not  trans- 
mitted directly  to  dry  air.  To  obtain  the  maximum  heat  energy  from 
the  furnace  and  connected  piping,  it  is  necessary  not  only  to  intercept 
the  radiant  heat,  but  also  to  insulate  the  exterior  surfaces,  and  thus 
retain  the  heat  so  that  the  air  in  its  passage  through  the  furnace  will 
absorb  by  conduction  and  convection  the  maximum  amount  of  heat, 
and  at  the  same  time  give  up  the  minimum  amount  of  heat  when 
passing  through  the  various  pipes  and  fittings. 

Heat  losses  from  warm-air  furnaces  are  detrimental  to  the  best 
efficiency  of  operation  for  two  reasons,  first,  because  of  the  actual 
loss  in  the  heating  value  of  the  warm  air,  and  secondly,  because  of  the 
loss  in  motive  head  brought  about  by  the  drop  in  temperature  of  the 
air. 

This  section  deals  with  the  various  sources  of  heat  loss  from  a 
pipeless  furnace,  and  the  effect  of  such  heat  losses  on  motive  head. 
The  force  or  head  which  produces  the  flow  of  air  in  gravity  warm-air 
installations  is  determined  by  the  difference  in  weights  of  the  cold-air 
column  on  one  side  of  the  system  and  the  hot-air  column  on  the  other. 
The  greater  the  difference  between  the  weights  of  these  two  columns  the 
greater  is  the  air  handling  capacity  of  the  furnace.*  Any  loss  of  heat 
from  the  hot-air  column  results  in  an  increased  density  or  weight  on 
the  hot  side  of  the  system  with  the  result  that  the  motive  head  is 
decreased;  likewise,  any  increase  in  the  temperature  of  the  air  on 
the  cold  side  of  the  system  results  in  a  lighter  column  of  air  on  the 
cold  side  and  a  decreased  motive  head.    The  two  cases  are  exemplified 


*See    "Fuel    Economy    in    the    Operation    of   Hand    Fired    Power    Plants."      Univ.    of    III. 
Eng.  Exp.   Sta..  Circ.  7,  p.  55,   1918. 
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in  practice  by  the  piped  furnace  and  the  pipeless  furnace.  In  the 
piped  furnace,  the  motive  head  is  decreasd  by  radiation  of  heat  from 
pipes  and  casing;  and  in  the  pipeless  furnace  the  head  is  decreased 
by  the  transmission  of  heat  through  the  inner  casing  to  the  down- 
coming  cold  air.  Heat  losses  must  therefore  be  reduced  to  a  mini- 
mum if  the  maximum  air  handling  capacity  is  to  be  obtained. 

38.  Radiation  Losses  from  a  Pipeless  Furnace. — The  tests 
herein  reported  were  made  for  the  purpose  of  estimating  the  radia- 
tion losses  from  pipeless  furnaces,  and  determining  the  probable 
overall  efficiency  of  the  furnaces,  after  making  due  allowance  for 
radiation  of  heat  from  the  discharge  register.  This  radiant  heat, 
although  effective  in  heating,  is  not  measurable  with  the  present  equip- 
ment, and  in  previous  tests  has  been  included  in  the  item  "Heat  lost 
by  radiation  and  unaccounted  for."  The  amount  of  this  radiant 
heat  can  be  estimated  and  readily  included  in  the  overall  furnace 
efficiency. 

The  tests  used  as  the  basis  for  this  discussion  were  made  on  a 
pipeless  or  duplex  register  furnace,  the  same  equipment  as  was  used 
in  pipeless  furnace  tests  1  to  12  inclusive  (Table  1  and  Fig.  9).  It 
must  be  understood,  therefore,  that  the  following  data  are  correct  only 
for  the  equipment  used  and  at  the  particular  temperatures  stated. 
However,  they  may  be  applied  as  an  approximation  to  any  pipeless 
furnace  of  the  same  type,  over  an  ordinary  range  of  temperatures. 

The  determination  of  the  radiation  losses  from  the  furnace  was 
made  by  measuring  the  temperatures  and  areas  of  the  various  exterior 
radiating  surfaces  of  the  furnace,  and  calculating  the  losses,  using  the 
emissivity  coefficients  for  the  various  materials.  These  coefficients 
were  determined  on  the  special  steam  drum  plant  for  measuring 
heat  losses  from  various  surfaces.* 

The  accompanying  sketch  (Fig.  39)  and  calculation  of  areas 
indicate  the  manner  in  which  the  radiation  losses  were  assumed  to  be 
distributed,  and  give  the  various  temperatures  as  measured  in  test 
No.  9,  December  9,  1920  (Table  1).  The  losses  (Table  6)  were  as- 
sumed to  occur  through,  first,  the  cast-iron  furnace  front,  secondly, 
the  lower  casing  exposed  to  direct  radiation  from  the  fire-pot,  thirdly, 
the  upper  casing  indirectly  heated,  fourthly,  the  concrete  floor,  and 
fifthly,  the  open  register  face.     Temperatures  of  the  radiating  sur- 

*  See  "Emissivity  of  Heat  from  Various  Surfaces."  Univ.  of  111.  Eng.  Exp.  Sta.. 
Bui.   117,   1920. 
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Table  6 
Estimated  Radiation  Losses  from  a  Pipeless  Furnace 


Location  of  Surface 

Loss  B.t.u. 
per  Hour 

Loss  Expressed 

as  Per  Cent  of 

Total  Loss 

From  furnace  front 

5700 

3120 

830 

2140 

48.30 

From  concrete  floor 

26.50 

From  lower  casing  below  shield 

7.05 

From  upper  casing 

18.15 

11  790 

100.00 

Radiation  usefuf  in  heating, 

9.3  per  cent  of  to  fa/  heat 
dei/efopeot. 


Indirect  Radiation: 
drea  94.7  sg.  ft 
Per  cent  of  to- 
tal heat  is  i.10 


Radiation 
from  front:  ^ 
Areat/.6sg.fU^ 
Per  cent  oftofat 
heat  de ye  toped 
ts2£2 


Direct  Radiation: 
^XArea  I4£  sq.ft. 
^Percentoftotat 
heat  devetoped 
fsad-a 


it**  +  * 

r  f     Radiation  through  ftoor: 

Area 2235  sq.  ft- Per  cent  of  totot heat  devefoped  is  i.60 


Fig.  39.    Distribution  of  Eadiation  Losses  from  Pipeless  Furnace 
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faces  were  measured  by  thermometers  attached  with  putty  or  plaster 
of  Paris.  In  the  case  of  the  concrete  floor,  a  special  problem  was 
involved.  Since  the  floor  was  10  inches  thick  it  required  several  hours 
to  heat.  In  this  case  six  thermometers  were  attached  to  the  underside 
of  the  floor.  Readings  of  the  thermometers  were  made  every  half  hour 
during  the  test  (No.  9,  pipeless  furnace)  and  the  readings  averaged 
and  plotted.  The  accompanying  "Heating  Curve"  (Fig.  40)  rep- 
resents these  temperature  measurements,  and  indicates  that  at  143 
deg.  F.  the  temperature  of  the  floor  became  constant,  and  that  the 
emission  of  heat  continued  thereafter  at  a  constant  rate. 

No  account  was  taken  of  the  fact  that  some  heat  was  dissipated 
by  conduction  in  the  10-inch  concrete  floor.  This  heat  was  carried 
awaj-  in  the  floor  and  gradually  heated  it  in  a  wide  circle  surrounding 
the  furnace.    The  actual  extent  of  this  unaccounted-for  loss  was  not 
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Fig.  40.     Temperature  Curve  for  Concrete  Floor  Under  a  Pipeless  Furnace 
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considered  to  be  great,  as  the  floor  temperatures  surrounding  the 
furnace  did  not  increase  appreciably. 

The  determination  of  emissivity  coefficients  for  the  concrete  floor 
and  for  the  blackened  cast-iron  furnace  front  necessitated  special 
emissivity  tests.  For  these  tests  a  drum  covered  with  a  14 -inch  coating 
of  concrete  was  used,  and  also  a  black  iron  drum  painted  with  the 
same  dull  black  paint  as  the  furnace  front.  These  drums  were  tested 
in  the  same  manner  as  the  specimens  described  in  Engineering  Ex- 
periment Station  Bulletin  117,  and  the  results  are,  therefore,  com- 
parable with  those  of  the  previous  tests.  The  data  for  these  special 
tests  of  the  two  surfaces  may  be  found  in  Figs.  43a,  b  and  c,  Specimens 
Nos.  28  and  29.  Values  of  2.08  and  2.20  B.t.u.  per  sq.  ft.  per  hour  per 
degree  difference  in  temperature  were  found  for  the  concrete  and  the 
black  iron  respectively.' 

Per  cent  of  total  heat  developed*  lost  by  radiation 

11790X100      ... 

"       195100       =  6-°4- 

Heat  loss  by  radiation  expressed  as  per  cent  of  the  heat  put  into  air.* 

=  1 1790  X  100 
127600 

Heat  lost  per  pound  coal  burned,  B.t.u. 

11790X10  _770 
"        152.8        ~  77Z- 

Item  62  of  pipeless  furnace  test  No.  9  (Table  1)  gives  a  "Radia- 
tion and  unaccounted  for  loss"  of  1966  B.t.u.  per  pound  of  coal 
burned.  Of  this  loss,  772  B.t.u.  have  been  accounted  for.  The  re- 
mainder of  the  loss,  1194  B.t.u.  per  pound  of  coal  burned,  has  been 
ascribed  to  useful  radiation  from  the  register  face. 

The  effect  of  the  radiant  heat  issuing  through  the  register  face 
upon  the  heating  capacity  of  the  furnace  was  to  increase  the  useful 
heat  per  pound  of  coal  by  1194  B.t.u.,  or  8350  +  1194  =  9544  B.t.u. 
per  pound  of  coal  was  useful  in  heating,  and  the  efficiency  then  was 
increased  from  65.3  per  cent  to 

9544 


12791 


X  100  =  74.6. 


*See  Pipeless  Furnace  Test  No.  6.  Table  1. 
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This  is  an  increase  in  efficiency  of  9.3  percent  over  the  value 
given  in  Pipeless  Furnace  Test  No.  9.  It  represents  the  approximate 
amount  which  may  be  added  to  the  efficiency,  based  on  the  heat  carry- 
ing capacity  of  the  air,  in  order  to  determine  the  true  overall  efficiency. 

Heat  Loss  Calculations  used  in  Table  6. 

Cast  iron  front  with  black  Pecora  paint. 

K  from  test  =  2.20  B.t.u.  per  sq.  ft.  per  hr. 

Loss  =  2.20  X  11.6  X  (300  -  77)  =  5700  B.t.u.  per  hr. 

Concrete  floor  exposed  to  radiation. 

K  from  test  =  2.08  B.t.u.  per  sq.  ft.  per  hr. 

Loss  =  2.08  X  22.35  X  (143-76)  =  3120  B.t.u.  per  hr. 

Casing  exposed  to  radiation  from  fire-pot  direct. 
K  from  Bulletin  117  =  1.33 
Loss  =  1.33  X  14.2  X  (120  -  76)  =  830  B.t.u.  per  hr. 

Casing  not  directly  exposed  to  radiation. 

Loss  =  1.33  X  94.7  X  A107  +  79)  -  76  \ 

=  1.33  X  94.7  X  (93  -  76)  =  2140  B.t.u.  per  hr. 
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XI.     Emissivity  of  Heat  from  Various  Surfaces 

39.  Previous  Investigations. — In  May,  1919,  it  was  observed  in 
certain  tests  with  a  single  leader  pipe  that  a  greater  temperature 
reduction  occurred  in  air  passing  through  bright  tin  pipes  covered 
with  asbestos  paper,  such  as  are  commonly  used  in  furnace  heating, 
than  in  air  passing  through  the  same  bright  tin  pipes  uncovered,  all 
other  conditions  in  the  comparative  tests  remaining  the  same.  It  was 
therefore  evident  that  the  heat  loss  was  greater  through  the  asbestos- 
paper-covered  pipes  than  through  the  same  pipes  uncovered. 

Because  of  the  inefficacy  of  many  of  the  present  methods  of  in- 
sulating warm-air  furnaces,  it  was  evident  that  a  complete  study  of 
various  heat  insulating  materials,  coverings,  and  surfaces  would  be 
justified,  and  such  a  study  has  been  made  and  reported  in  an  earlier 
publication. 

40.  Significant  Conclusions  from  Previous  Investigations. — The 
following  significant  conclusions  appearing  in  the  former  bulletin* 
are  deserving  of  special  emphasis : 

(1)  The  use  of  thin  sheets  of  asbestos  paper  on  bright  tin 
leader  pipes  results  in  a  waste  of  heat.  The  use  of  thin  sheets 
should  be  abandoned. 

(2)  Uncovered  bright  tin  pipes  are  more  efficient  carriers 
of  heated  air  than  asbestos-paper-covered  bright  tin  pipes.  See 
item  (4). 

(3)  This  fact  is  true  regardless  of  the  degree  of  brightness 
of  the  tin  surface. 

(4)  No  small  number  of  applications  of  asbestos  paper  will 
suffice  as  an  insulator.  Several  thicknesses  are  necessary  to  make 
a  covering  equal  in  this  respect  to  the  bare  tin. 

(5)  The  accumulation  of  dust  and  dirt  on  the  pipes  does 
not  greatly  alter  the  amount  of  the  loss. 

(6)  The  heat  loss  from  warm-air  furnace  pipes  covered 
with  one  layer  of  asbestos  paper  is  an  important  item  in  the  cost 


*  "Emissivity  of  Heat  from  Various  Surfaces."      Univ.  of  111.  Eng.  Exp.   Sta.,   Bui.  117, 
1920. 


INVESTIGATION  OF  WARM-AIR  FURNACES  AND  HEATING  SYSTEMS     111 

of  heating,  amounting  generally  to  more  than  5  per  cent  of  the 
coal  consumption,  depending  upon  the  number  and  size  of  the 
pipes  used. 

(7)  The  fact  that  pipes  are  partly  protected  from  convec- 
tion currents  of  air  by  joists  and  studding  does  not  greatly  affect 
the  loss. 

(8)  Unless  the  insulating  covering  material  excels  the  un- 
covered bright  tin  in  heat  insulation  properties  it  should  not  be 
used. 

(9)  Such  materials  are  available  and  the  tests  have  shown 
their  merits. 

The  apparatus  shown  in  Fig.  42  was  that  used  in  the  tests  re- 
ported in  Engineering  Experiment  Station  Bulletin  No.  117.  It 
consisted  of  low-pressure-steam-heated  drums,  five  in  number,  sur- 
rounding a  central  steam  header  from  which  the  drums  drew  their 
supply  of  steam.  The  drums  were  uniform  in  size,  ten  inches  in 
diameter  by  twenty  inches  in  length  and  were  made  of  sheet  metal 
of  the  kind  to  be  tested.     Steam  was  condensed  in  the  drums  by  the 
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Fig.  41.     Heat  Losses  from  Leaders  and  Stacks,  Covered  and  Uncovered 
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cooling  action  of  the  air  surrounding  them,  and  the  condensate  was 
discharged  through  water  seals  connected  to  each  drum.  These  seals 
were  U  tubes  made  of  pipe,  and  were  long  enough  to  contain  a  water 
head  of  four  feet.  As  the  steam  condensed,  the  seals  filled  with  water, 
and  the  condensate  then  dripped  over  into  receivers  as  fast  as  it 
accumulated.  The  water  in  the  seals  cooled  to  room  temperature 
before  it  entered  the  receivers  so  that  practically  no  evaporation  took 
place  from  the  surface  of  the  water  in  the  receivers.  Each  receiver 
was  mounted  on  a  small  weighing  scale  accurate  to  one  one-hundredth 
pound. 

The  weight  of  steam  condensed  by  a  drum  was  an  indication  of 
the  relative  merit  of  the  surface  as  a  heat  insulator. 

41.  Specimens  Tested. — A  complete  list  of  the  drums  tested  is 
given  in  Figs.  43a,  43b,  and  43c.  In  the  list  will  be  found  a  descrip- 
tion of  the  insulation  or  the  nature  of  the  surface,  the  actual  area  of 
the  drum  exposed  to  the  steam,  and  a  serial  number  assigned  to  the 
drum  which  will  be  useful  in  connecting  the  description  with  the 
results  reported. 

42.  Discussion  of  Results. — The  significance  of  the  results  of 
the  tests  may  be  best  understood  by  a  study  of  the  information  pre- 
sented in  the  diagrammatic  chart,  Figs.  43a,  43b,  and  43c.  The  heavy 
black  bars  afford  a  graphic  comparison  of  the  heat-emitting  value  of 
the  various  surfaces.  Reference  must  be  made  to  the  descriptive  list 
of  drums  in  order  to  connect  the  data  with  the  corresponding  test 
specimens.  The  relative  efficiencies  of  the  various  surfaces  as  heat 
insulators  are  given  in  the  next  to  the  last  column  of  the  chart.  The 
coefficient  of  emissivity*  for  bright  IC  tin  was  used  as  the  basis  for 
this  comparison. 

The  results  of  these  tests  present  very  convincing  evidence  against 
the  use  of  thin  layers  of  asbestos  paper  covering  on  bright  tin  pipes. 
The  heat  loss  was  62  per  cent  greater  with  one  thickness  of  the  paper 
covering  a  bright  tin  pipe  than  when  the  same  pipe  was  left  un- 
covered. The  importance  of  this  loss  may  be  seen  by  the  fact  that 
it  results  in  a  waste  of  5  per  cent  or  more  of  the  coal  consumed  in  the 
average  house  furnace. 


*  See    "Emissivity    of    Heat    from    Various    Surfaces."      Univ.    of    111.    Eng.    Exp.    Sta., 
Bui.    117,    1920. 
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Drum 
Number 

Description  of  Surface 

Area 
Exposed 
to  Steam 
sq.ft. 

I 

IC  tin,  not  insulated,  bright 

S.S3 

la 

•Same  as  No.  I  with  ash  dust  sifted  an  /sdeep 

5.53 

2 

IC  tin  with  I  thickness  of  /O-pound  asbestos 
paper 

S.52 

3 

ICtin  with  3  thicknesses  of  air- eel/  asbestos 
and  1  thickness  of  10-pound  asbestos  paper 

5.50 

4 

JCtin  with  2  applications  of  gray  paint, 
(of  zinc,  linseed  oi/,  and  lithpone 
composition) 

5.5/ 

5 

ICtin  with  /thickness  of  asbestos  paper 
and  2  app//cat/ons  of  pa/nt,  ( '  A/o.  2  drum 
with  same  kind  of  paint  as  used  on  No.  4) 

5.52 

6 

ICtin  with  /thickness  of  air-ce//  asbestos 
and  ith/cAness  of  /O  pound  asbestos 
paper,  (A/o.  3  drum  used.) 

5.50 

7 

1 C  tin  nlcke/  p/ated  and po//sh  ed 

5.54 

8 

Ga/i/an/zed /ron,  No. 28  U.S.S.  gage 

5.53 

3 

Black  iron,  No.  28  U.S.  S.  gage,  very  rc/sty 

5.52 

10 

Surface  and  drum  No  3  w/th  /X  t/n  cosing 
surrounding,  w/th /§''  a/r-spoce  and  w/th 
6  z'rentbo/es  cut  in  the  casing 

5.50 

II 

IC  tin/drum  No.  /)  coated  with  Bakei/te  /acauer 

5.53 

IZ 

Same  as  No.  10  but  with  vents  stopped 

550 

13 

ICtin  (drum  No.  2)  with  I  thickness  of  / o-pound 
asbestos  paper  and  a  surface  ofg/aze 
finish  printers' proofing  paper 

552 

14 

IC  tin  drum  A/o.  4  with  paint  removed  and  a 
housing  of  compo-board  construction,  to 
represent  joists,  bu//t  around  same. 
Housing  8"deep  by  14" wide  by  28u/ony 

5.5/ 

Tig.  43a.    Diagrammatic  Table  of  One  Hundred 
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Coefficient  ofE/nissiwiy-K 
3.  taper  so:  ft.  per  tin  per  /  °F. 
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Per  Cent 
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0.870 

/47.0 
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Drum 
A/umber 

Descript/on  of  Surface 

Area 
Exposed 
to  S teat/7 

sq.ft. 

14a 

Same  as  No.  14  with  housing  removed 

5.5/ 

/s 

Same  as  A/o.  iO  but  with  the  a/r-space  packed 
w//h  drt/  Jf7  asbestos  cement 

5.50 

/6 

/C  f/r?  with  «?  thicknesses   of  t2- pound 
asbestos  paper 

5.52 

/6a 

Same  as  A/o.  /6  with  ash  dust  sifted  on/6  deep 

S.52 

17 

/C tin /drum  A/o.2)  with  3  thicknesses  of 
12-pound  asbestos  paper 

552 

/8 

Ga/i/an/zed  iron  /drum  A/o.  8 J  w/th  3  thickness- 
es of  a/r-ce//  asbesros  and  / of '  /2pound paper 

5.53 

/9 

ICtin  (drum  No.  2}  with  4  thicknesses  of 
/2-pound  asbestos  paper 

5.52 

20 

iC  tin  with  1  thickness  of  asbestos  paper 
covered  with  a  firm  coating  of  white 
ca/cimine,  (for  determining  the  effect  of 
iight  and  dark  surfaces) 

5.5t 

2/ 

Ga/vanized  iron  (drum  No.  8)  with  l+"  Asbesto- 
ce/  b/ocks  coi/ered  w/th  £ 'of  asbestos 
cement  and  a  cheesec/oth  wrapper 

5.53 

2Z 

/C  tin/drum  No.  21  with  5  thicknesses  of 
12-pound  asbestos  paper 

5.52 

23 

Same  as  drum  No.  20  with  tampbtack 
ca/c/mine  on  the  surface  used  in  that  /est 

5.5/ 

24 

iC  tin  (drum  No.  2)  with  6  thicknesses  of 
/2- pound  asbestos  paper 

5.52 

25 

I C  tin  (dram  A/o.  2/  w/th  7  th/cknesses  of 
/2-pound  asbestos  paper 

5.52 

26 

iC  t/n  (drum  A/o.  2/  w//h  8  th/cknesses  of 
/2-pound  asbes/os  paper 

5.52 

Fig.  43b.     Continuation  op  Diagrammatic  Table  of 
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Coefficient  ofE/n/ssiy/ty-K 
B.t.u.pers<?.ff:perhrper  /  VT 

0   02  04  0.6  0.6  /.0  /.2  14  /.6  /.6  2.0  2.Z  2.4 

Relative 

Efficiency 

Per  Cent 

Drum 
Member 

■^^^■MMi 

1.520 

84.3 

I4a 

-_' 

. 

. 

. 

■ 

0.899 

142.0 

15 

1.860 

68.1 

16 

1.820 

70.5 

16a 

1.790 

7/.5 

17 

0.577 

222.0 

18 

1.670 

76.5 

19 

2.050 

625 

20 

0.326 

392.0 

2/ 

/.435 

89.0 

22 

2.120 

60.5 

23 

1390 

92.0 

24 

_ 

/.320 

97.0 

25 

I.Z60 

I0/.5 

26 
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Drum 
Number 

• 

Descr/pt/on  of  Surface 

Area 
Exposed 
fo  Steam 

sq.ft. 

27 

/C  t/n  with  3 p/y  i"  Caroce/  paper 

5.53 

26 

B/ack  /ron,  No.  28  U.S. S.  gage,  pa /n  ted  w/th 
du//  b/acA  Pecora  pa/nt 

5.53 

29 

/C  t/n  with  2  p/y  +  of  smooth  concrete 

5.53 

30 

IC  t/n  with  2pty  i   Caroce/  paper 

553 

3/ 

/C  tin   with  sing/e  p/y  Caroce/  paper 

553 

Fig.  43c.    Continuation   of  Diagrammatic   Table  of 

The  fact  that  the  heat  loss  from  warm-air  pipes  of  a  furnace  sys- 
tem is  of  some  magnitude  is  not  generally  appreciated.  A  considerable 
part  of  the  heat  in  the  air  flowing  through  the  pipes  of  the  average 
installation  is  dissipated  from  the  pipe  surface  and  received  by  sur- 
rounding air  and  nearby  objects.  Fig.  41  shows  the  results  of  tests 
made  to  determine  the  amount  of  this  loss.  The  tests  were  made  on 
a  single  leader  pipe  furnace,*  (Fig.  50)  in  which  the  quantity  of  air 
handled  and  the  heat  added  to  the  air  above  the  entering  temperature 
could  be  readily  ascertained.  The  heat  loss  was  calculated  from  the 
drop  in  temperature  of  the  air  in  its  passage  through  the  pipe.  The 
temperatures  and  velocities  indicated  by  the  curves  are  representative 
values. 

In  order  to  demonstrate  the  inefficiency  of  thin  layers  of  asbestos 
paper  as  a  heat  insulator,  tests  were  run  in  which  the  number  of 
thicknesses  of  paper  was  increased  until  the  heat  loss  became  less  than 
the  loss  through  a  bare  bright  tin  specimen.  The  curve  (Fig.  44) 
gives  the  results  of  these  tests.  Eight  thicknesses  of  twelve-pound 
asbestos  paper  were  applied  before  the  desired  result  was  obtained.  In 
these  tests  the  moistened  paper  was  wrapped  tightly  around  and 
shrunk  on  the  drums  so  that  only  a  small  quantity  of  air  was  entrapped 
between  the  successive  layers  of  paper.  The  unpractical  features  of 
such  a  method  of  insulating  are,  of  course,  evident.    The  use  of  thin 


*  See    "Report   of   Progress   in   Warm-Air   Furnace   Research." 
Sta.,    Bui.    112,    1919. 
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Coefficienf  ofEm/ssiwty-/< 
B.tu.per  sg.  ft.  per  fir  per  /  "F. 
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One  Hundred  and  Seventy  Tests  on  Steam  Drums 

layers  of  asbestos  paper  on  bright  tin  pipes  should  be  abandoned 
if  the  best  results  are  to  be  obtained  in  furnace  heating. 

Values  of  the  coefficients  of  emissivity  K  are  given  in  the  charts 
(Figs.  43a,  43b,  and  43c).  To  use  these  data  for  the  determination  of 
the  approximate  heat  loss  from  a  pipe,  it  is  necessary  to  multiply 
the  value  of  K  for  the  surface  in  question  by  the  surface  area  of  the 
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Fig.  44.     Ineffectiveness  of  Commercial  Asbestos  Paper  for  Insulation  o.\ 
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pipe  exposed,  and  then  multiply  by  the  difference  between  the  tem- 
perature of  the  surface  of  the  pipe,  tx,  and  that  of  the  air  outside  the 
pipe,  t„,  or, 

B.t.u.  loss  per  hour  =  K  X  Area  in  sq.  ft.  X  (ti~  ta) 
The  results  of  the  steam  drum  tests  have  been  corroborated  by 
results  obtained  on  other  apparatus.* 


*  See    "Emissivity    of    Heat    from    Various    Surfaces."      Univ.    of    111.    Eng.    Exp.    Sta  , 
Bui.  117.  1920. 
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XII.     Heating  Surface 

43.  Heating  Air  by  Hot  Surfaces. — When  a  hot  surface  is  sur- 
rounded by  cooler  air,  the  surface  loses  heat  in  three  ways,  namely : 
by  conduction,  by  convection  and  by  radiation.  Each  particle  of  air  in 
contact  with  the  surface  becomes  warmed,  and  transmits  some  of  this 
heat  to  the  next  particle  of  air  with  which  it  is  in  contact.  This  in  turn 
transmits  the  heat  to  the  next  particle  farther  out,  and  if  the  air  re- 
mains at  rest  relative  to  the  surface,  the  whole  mass  of  air  will  ulti- 
mately become  warmed.  This  process  is  known  as  conduction.  Air 
is  a  poor  conductor  of  heat  and  if  it  is  moving  over  the  surface, 
very  little  of  it,  except  the  layers  just  next  the  surface,  become 
heated  by  this  method. 

For  the  purpose  of  heating  air,  the  process  called  convection  is 
by  far  the  most  effective.  In  this  process  the  particles  of  air  touching 
the  surface  become  heated  and  then  move  out  into  the  cooler  mass  of 
air  which  is  not  touching  the  surface.  At  the  same  time  they  are  re- 
placed by  particles  which  come  from  the  cool  mass  of  air  and  take 
their  place  touching  the  surface.  In  other  words,  currents  are  set 
up  in  the  mass  of  air,  and  these  currents  constantly  bring  the  cool 
particles  of  air  into  contact  with  the  surface,  where  they  are  heated 
by  contact.  The  amount  of  heat  received  in  this  manner  is  limited 
only  by  the  rapidity  with  which  the  air  can  be  kept  in  circulation  and 
fresh  portions  of  it  brought  into  actual  contact  with  the  hot  surface. 
For  this  reason  surfaces  so  arranged  that  the  air  must  impinge  upon 
them  are  more  effective  than  those  surfaces  over  which  the  air  must 
move  parallel  to  the  surface.  In  the  latter  case  the  air  becomes 
stratified  and  heat  can  reach  the  outer  layers  by  conduction  only, 
and  conduction  is  not  very  effective. 

A  hot  surface  constantly  emits  heat  rays  in  just  the  same  manner 
as  a  luminous  surface  emits  light  rays.  The  heat  rays  obey  laws 
similar  to  those  for  light  rays.  This  process  is  called  radiation.  The 
invisible  heat  rays  travel  in  straight  lines,  and  pass  directly  through 
dry  air  without  warming  it.  If  these  rays,  however,  strike  some  body 
which  is  not  transparent  to-  them,  they  warm  the  body.  The  addition 
of  water  vapor  to  the  air  renders  it  slightly  less  transparent  to  radia- 
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tion,  and  humid  air  will  be  slightly  warmed  in  this  way.  At  the 
relative  humidities  found  in  warm-air  furnaces,  this  effect  is  very  small 
and  may  be  disregarded.  The  amount  of  heat  given  off  by  radiation 
is  dependent  on  the  temperature  and  the  nature  of  the  surface.  Dull 
surfaces,  like  cast-iron,  will  emit  much  more  heat  than  bright  ones, 
like  polished  nickel  or  tin.  The  emissivity  of  different  surfaces  has 
been  discussed  in  Section  XI.  According  to  the  Stefan-Boltzman  law 
the  amount  of  heat  received  by  radiation  varies  directly  as  the  dif- 
ference between  the  fourth  powers  of  the  temperatures  of  the  radiat- 
ing body  and  the  body  receiving  the  radiation,  and  inversely  as  the 
square  of  the  distance  between  the  two  bodies.  This  is  true  only  for 
black  bodies. 

In  the  warm-air  furnace,  the  heat  given  off  from  the  castings  by 
radiation  is  a  total  loss  unless  it  can  be  saved  by  indirect  methods. 
This  may  be  done  by  interposing  a  shield  in  such  a  way  that  it  re- 
ceives the  radiation  and  becomes  warmed.  The  air  may  then  be  made 
to  pass  over  this  shield,  coming  in  contact  with  it  and  in  turn  taking 
the  heat  from  it  by  convection  and  conduction.  The  furnace  casing 
serves  to  intercept  part  of  the  radiant  heat  and  to  give  this  heat  back 
to  the  air.  An  additional  saving  can  be  made,  however,  by  placing 
another  shield  inside  of  the  casing  and  around  the  fire-pot.  From 
the  preceding  discussion  it  will  be  evident  that  this  shield  will  be 
most  effective  if  it  is  made  of  some  material  like  black  iron  and  placed 
as  near  the  hottest  portions  of  the  castings  as  is  practicable. 

Equipment  has  been  installed  to  investigate  the  value  of  such 
shields,  but  no  report  can  be  made  on  this  subject  at  present. 

44.  Temperature  of  Heating  Surfaces. — The  method  used  for 
the  determination  of  the  temperature  of  the  metal  of  the  castings  for 
the  pipeless  furnace,  together  with  the  location  of  the  thermocouples 
has  been  given  in  Section  VI.  (See  Fig.  25.)  The  results  of  the  work 
on  the  temperature  of  castings  are  by  no  means  complete,  but  certain 
relations  appear  to  exist  and  are  discussed  in  the  following  para- 
graphs. The  results  were  obtained  from  two  sets  of  tests  on  hard  coal, 
one  with  the  slots  in  the  fire-pot  closed  and  one  with  the  slots  open. 
Two  tests  with  soft  coal,  one  with  slots  open,  and  one  with  slots  closed 
were  also  run.  The  first  tests  show  that  for  a  given  temperature-rise 
for  the  air  passing  through  the  furnace  the  fire-pot  temperature  is 
approximately  70  degrees  higher  when  the  slots  are  closed  than  when 
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they  are  open.  This  indicates  that  the  air  taken  in  through  the  slots 
materially  cools  the  fire-pot.  The  results  of  preliminary  tests  on  soft 
coal  indicate  that  the  temperature  of  the  fire-pot  for  a  soft  coal  fuel 
bed  is  about  200  deg.  F.  lower  than  for  a  hard  coal  bed.  Much  more 
work  must  be  done  on  the  temperatures  for  soft  coal  fires,  before  rigid 
conclusions  may  be  drawn,  but  the  few  tests  run  seem  to  justify  this 
conclusion. 

The  tests  so  far  completed  also  show  that  the  mean  temperature  of 
the  radiator  for  the  hard  coal  fuel  beds  with  closed  slots  in  the  fire-pot 
is  approximately  37  degrees  higher  than  it  is  with  the  slots  open. 
Kelatively,  the  decrease  in  temperature  of  the  fire-pot  with  the  addi- 
tion of  air  through  the  slots  is  greater  than  the  decrease  for  the 
radiator,  which  seems  to  indicate  that  with  the  introduction  of  air 
over  the  fuel  bed  the  combustion  in  the  zone  above  the  fuel  bed  is 
increased  and  this  tends  to  increase  the  temperature  of  the  radiator. 
For  the  soft  coal  tests,  the  radiator  temperature  as  a  whole  was  not 
very  different  from  that  for  the  hard  coal  tests,  and  therefore  about  the 
same  temperature  difference  was  observed  in  the  radiator  temperatures 
with  the  slots  in  the  fire-pot  closed  and  open  respectively. 

The  results  further  indicate  that,  for  a  given  temperature-rise  in 
the  air  passing  through  the  furnace,  with  a  hard  coal  fire  the  tem- 
perature of  the  castings,  as  a  whole,  is  higher  for  a  fire-pot  with  the 
slots  closed  than  for  one  with  the  slots  open.  It  is  also  evident  that 
the  temperature  of  the  castings  is  higher  for  a  hard  coal  fire  than  for 
a  soft  coal  fire.  The  relation  existing  between  fire-pots  with  slots  open 
and  with  slots  closed  for  hard  coal  fires  holds  also  for  soft  coal  fires. 
For  any  particular  furnace,  and  for  a  given  temperature-rise,  all 
other  conditions  remaining  the  same,  the  castings  will  therefore  give 
off  a  greater  amount  of  heat  in  a  unit  time  for  a  hard  coal  fire  and  a 
fire-pot  with  the  slots  closed  than  they  will  for  a  hard  coal  fire  and 
a  fire-pot  with  the  slots  open,  or  for  soft  coal  fires  under  any  condi- 
tions. The  higher  temperature  with  hard  coal  will  cause  greater  ra- 
diation of  heat  which,  of  course,  will  be  lost  unless  surfaces  are  inter- 
posed for  the  purpose  of  intercepting  it,  and  the  air  is  caused  to 
pass  over  these  surfaces  to  collect  the  heat. 

This  increased  radiation  loss  does  not  account  for  all  the  addi- 
tional heat  available  due  to  the  higher  temperature  of  the  castings. 
Hence  the  air  circulated  must  receive  part  of  the  additional  heat. 
If  the  temperature-rise  is  the  same  in  both  cases,  the  only  possible 
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way  for  the  air  to  carry  more  heat  in  the  case  of  a  higher  fire-pot 
temperature  is  for  a  greater  weight  of  air  to  be  circulated.  A  greater 
capacity  is  therefore  to  be  expected  from  a  hard  coal  fire,  and  an 
unslotted  fire-pot,  than  from  the  slotted  fire-pot,  or  from  soft  coal 
fires.    That  this  is  true  may  be  shown  by  a  study  of  Table  7. 

In  this  table,  the  capacities  for  pipeless  tests  10,  11,  and  12,  run 
under  the  conditions  indicated,  have  been  listed.  At  the  corresponding 
temperature-rise,  or  equivalent  register  temperature,  for  each  test, 
the  capacity  taken  from  the  performance  curves  of  Section  IV  has 
been  listed.  The  performance  curves  were  obtained  when  the  furnace 
was  operated  with  a  hard  coal  fire  and  a  fire-pot  with  the  slots  closed. 
In  each  case  it  may  be  seen  that  the  capacity  is  less  for  the  fire-pot 
with  the  slots  open  and  for  the  soft  coal  fire  than  for  the  hard  coal 
fire  and  the  fire-pot  with  the  slots  closed. 

The  ratio  of  the  mean  temperature  of  the  radiator  to  the  mean 
temperature  of  the  fire-pot  is  also  given.  As  the  temperature  of  the 
fire-pot  decreases  the  capacity  also  decreases.  It  may  also  be  seen 
that  the  capacity  decreases  as  the  ratio  increases.  This  ratio  ap- 
parently increases  when  increased  combustion  occurs  above  the  fuel 
bed,  as  it  does  when  air  is  admitted  above  the  fuel  bed  or  for  the 
soft  coal  fires.  In  the  soft  coal  fires  more  combustion  takes  place 
above  the  fuel  bed  than  for  hard  coal  fires,  due  to  the  larger  volume 
of  volatile  combustible  given  off  from  the  soft  coal.  This  raises  the 
zone  of  the  mean  temperature  of  the  air  between  the  air  at  the  bottom 
of  the  furnace  and  at  the  register  face.  The  weight  of  air  circulated 
is  a  function  of  the  difference  between  this  mean  temperature  and 

Table  7 
Effect  of  Character  of  Combustion  upon  Furnace  Capacity 


Ratio  of 

Test  No. 

Date 

Coal 

Slots 
in  Pot 

Temperature- 
Rise 

Equivalent 

Register 

Temperature 

above  65° 

Caparity 

B.t.u. 
per  Hour 

Mean 
Temperature 
of  Radiator 

to  Mean 

Temperature 

of  Fire-Pot 

From  curve 

Hare 

Closed 

138.6 

203.6 

121  000 

0.672 

10 

1-28-21 

Hard 

Open 

138.6 

203.6 

110  500 

0.703 

From  curve 

Hard 

Closed 

139.5 

204  .'5 

122  000 

0.672 

11 

1-31-21 

Soft 

Closed 

139.5 

204.5 

115  900 

0.825 

From  curve 

Hard 

Closed 

140.1 

205.1 

123  000 

0.673 

12 

2-3-21 

Soft 

Open 

140.1 

205.1 

109  000 

0.934 
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the  temperature  of  the  air  outside  the  furnace  casing,  and  of  the 
effective  heights  of  the  warm,  air  columns  inside  and  outside  the 
casing.  Since  the  temperature-rise  has  been  assumed  constant  for 
all  this  discussion,  the  difference  between  the  mean  temperature 
inside  and  outside  the  casing  must  also  remain  constant.  Therefore 
the  factor  affected  must  be  the  effective  height  of  the  air  columns 
causing  the  flow,  and  apparently  raising  the  height  of  the  zone  of 
mean  temperature  within  the  casing  must  have  the  effect  of  shortening 
the  effective  height  of  the  air  columns  and  thus  of  reducing  capacity. 

From  Table  7  may  be  gained  some  idea  of  the  relative  value  of 
the  heating  surface.  When  combustion  takes  place  higher  up  in 
the  furnace  the  temperature  of  the  upper  surfaces  is  increased  but 
relatively  the  temperature  of  the  lower  surfaces  is  decreased  to  a 
greater  extent  as  indicated  by  an  increase  in  the  ratio  given  in  the 
table.  The  net  result  is  a  decrease  in  capacity.  It  therefore  appears 
that  the  value  of  the  lower  surfaces  is  much  greater,  and  that  every 
attempt  should  be  made  to  have  the  air  arrive  at  the  bottom  of  the 
inner  casing  as  cool  as  possible,  to  have  the  lower  heating  surfaces 
arranged  as  effectively  as  possible,  and  also  to  prevent  their  being 
cooled  so  that  the  air  may  receive  its  heat  at  as  low  a  plane  in  the 
furnace  as  is  practicable.  Any  attempt  to  prevent  the  radiation  loss 
at  this  point  by  the  interposition  of  extra  surfaces  to  receive  the  radia- 
tion and  to  give  back  this  heat  to  the  air  coming  in  contact  with  them 
will  be  effective,  if  the  internal  frictional  resistance  of  the  furnace  is 
not  materially  increased  by  the  additional  surfaces. 

The  surfaces  which  are  heated  by  contact  with  the  burning 
fuel  or  by  the  burning  gases  above  the  fuel  bed  are  known  as  primary 
heating  surfaces.  The  surfaces  which  are  interposed  to  be  heated  by 
intercepting  radiation  and  in  turn  give  this  heat  to  the  air  by  con- 
tact are  known  as  secondary  heating  surfaces.  At  present  no  work 
has  been  done  to  determine  the  relative  value  of  the  two  types  of 
surfaces.  The  primary  surface  can  also  be  divided  into  direct  and 
indirect  surfaces;  the  former  includes  any  surface  on  which  the  fire 
"shines,"  while  the  latter  includes  those  surfaces  which  are  heated 
only  by  the  flue  gases.  These  indirect  surfaces  do  not  "see"  the  fuel 
bed  at  any  point. 

In  Fig.  45  is  given  a  curve  showing  the  relation  between  the 
temperature  difference  between  the  flue  gas  and  the  air  at  the  register 
face  of  the  pipeless  furnace,  and  the  temperature  difference  between 
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the  flue  gas  and  the  temperature  of  the  metal  in  the  radiator.  In 
Fig.  46  is  given  a  similar  curve  showing  the  relation  between  the 
temperature  difference  between  the  flue  gas  and  the  air,  and  the  total 
drop  in  temperature  of  the  metal  in  the  radiator  from  the  point  at 
the  center  of  the  dome  to  the  point  where  the  gases  leave  the  furnace. 
These  curves  serve  to  visualize  the  fact  that  the  temperature  difference 
between  the  flue  gas  and  the  temperature  of  the  metal  in  the 
radiator  is  from  100  deg.  F.  to  350  deg.  F.  and  that  the  total  drop 
in  the  temperature  of  the  metal  of  the  radiator  is  from  225  deg.  F.  to 
275  deg.  F. 

45.  Effect  of  Increasing  Velocity  of  Air  over  Heating  Surface. 
— Results  in  practice  indicate  that  the  efficiency  of  the  heating  sur- 
faces may  be  increased,  and  the  capacity  of  a  furnace  materially 
raised,  by  the  use  of  a  fan  to  give  positive  circulation  of  air  over 
the  surfaces.  The  question  of  how  much  air  can  be  forced  over  the 
heating  surfaces  of  a  given  furnace  before  it  begins  to  blow  through 
the  system  without  receiving  much  heat  has  been  a  source  of  con- 
siderable speculation.  It  is  proposed  to  investigate  this  whole  prob- 
lem by  the  use  of  a  fan  in  the  recirculating  duct  of  a  piped  furnace. 
In  the  meantime,  in  order  to  arrive  at  some  preliminary  conclusions 
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46.    Kelation  between  the  Fall  in   Temperature  from  Flue  Gas 
Air  Circulated,  and  the  Fall  in  Temperature  of  the  Metal  from 
the  Center  of  the  Dome  to  the  Gas  Outlet  for  a  Pipeless 
Furnace 


in  regard  to  this  question,  a  few  tests  have  been  run,  making  use 
of  the  calibrating  plant  for  the  pipeless  furnace  for  forcing  the  air 
through  this  furnace.  The  air  was  delivered  into  the  outer  casing 
at  a  point  above  the  bottom  of  the  inner  casing  so  that  short-circuiting 
was  reduced  as  much  as  possible.  A  special  plate  was  clamped  down 
on  the  cold-air  register  face  in  the  same  manner  as  when  the  plant 
was  used  for  calibrating.  The  velocity  of  the  air  at  the  warm-air 
register  face  was  measured  with  an  anemometer.  In  making  an 
observation  for  any  given  velocity,  the  fan  speed  was  held  constant 
and  observations  were  made  of  the  temperature  at  the  register  face. 
When  this  temperature  had  become  constant,  readings  were  taken  for 
a  period  of  30  minutes  or  more  to  insure  that  the  temperature 
remained  constant.  At  the  same  time  traverses  were  made  with  the 
anemometer.  From  the  readings  taken  during  the  30  minutes  the 
weight  of  air  and  the  capacity  of  the  furnace  in  B.t.u.  were  calculated. 
Tn  Fig.  47  the  capacities  of  the  furnace  in  pounds  of  air  per  hour 
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when  operating  on  the  forced  circulation  and  when  operating  on  the 
natural  circulation,  respectively,  are  plotted  against  equivalent 
register  temperature  based  on  65  deg.  F.  inlet.  The  limit  of  the 
fan  was  reached  at  a  capacity  of  10  200  pounds  of  air  per  hour.  At 
this  capacity  it  was  possible  to  maintain  an  equivalent  register  tem- 
perature of  196  deg.  F.  The  capacity  of  the  furnace  when  operating 
on  its  own  natural  circulation  at  this  register  temperature  was  3650 
pounds  of  air  per  hour.  It  has  therefore  been  possible  to  increase  the 
capacity,  in  pounds  of  air  per  hour,  2.8  times  and  still  to  maintain  a 
register  temperature  comparable  with  the  usual  register  temperatures 
for  pipeless  furnace  work. 

In  Fig.  48  the  capacities  in  B.t.u  per  hour  put  into  the  air  are 
shown  for  both  natural  and  forced  circulation.  At  an  equivalent 
register  temperature  of  196  deg.  F.,  it  was  found  possible  to  force  the 
furnace  to  a  capacity  of  328  000  B.t.u.  per  hour,  and  to  maintain  the 
register  temperature.  The  corresponding  capacity  under  natural 
circulation  was  114  000.     It  was  therefore  possible  to  increase  the 
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capacity  in  B.t.u.  2.88  times.  On  natural  circulation  it  was  possible 
to  increase  the  capacity  from  114  000  to  204  000  B.t.u.  by  an  increase 
in  register  temperature  of  77  degrees;  this  is  an  increase  of  1.8 
times.  By  using  a  fan  and  positive  circulation  it  seems  possible  to 
increase  the  capacity  of  a  pipeless  furnace  to  from  2  to  3  times  the 
capacity  on  natural  circulation.  It  is  doubtful,  however,  whether 
this  could  be  done  without  objectionable  noise.  These  experiments  are 
preliminary  to  the  investigation  of  the  whole  question  of  applying  fans 
to  warm  air  furnaces. 


46.  Comparison  of  Fire-Pots  with  Open  and  with  Closed  Slots 
Respectively. — In  Fig.  49  the  performance  of  the  pipeless  furnace 
with  the  slots  in  the  fire-pot  open  and  with  soft  coal  has  been  compared 
with  the  normal  performance  obtained  with  a  hard  coal  fuel  bed 
and  a  fire-pot  with  slots  closed.  All  these  tests  were  run  with 
an  equivalent  register  temperature  of  approximately  204  deg.  F.,  and 
are  therefore  comparable.  In  the  case  of  the  hard  coal  fire  with  the 
slots  in  the  fire-pot  open,  the  capacity  and  efficiency  were  very  materi- 
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ally  reduced.  This  was  due  to  the  large  amount  of  excess  air  drawn 
in  through  the  slots.  Under  normal  operation  with  the  slots  closed, 
Ihe  weight  of  flue  gas  per  pound  of  coal  was  about  13.0  lb.,  while  in 
this  test  it  was  21.9  lb.  The  difference  was  due  to  excess  air.  In 
order  to  handle  this  excess  the  furnace  required  a  draft  of  0.17  inches 
of  water,  which  was  far  in  excess  of  the  0.10  inches  required  normally. 
This  establishes  the  fact  that  the  use  of  a  slotted  fire-pot  is  detrimental 
in  the  case  of  hard  coal  fires. 

The  advantages  or  disadvantages  of  the  open  slots  for  soft  coal 
fires  are  not  established.  In  order  to  do  this  it  will  be  necessary  to 
run  a  number  of  tests  under  both  conditions ;  the  performance  curves 
may  then  be  directly  compared.  At  present  the  comparison  with  the 
hard  coal  performance  curves  is  of  doubtful  value,  due  to  the  fact 
that  the  shape  of  the  soft  coal  curves  is  probably  different.  If  an 
efficiency  curve  is  drawn  through  the  point  representing  the  efficiency 
for  test  No.  12,  a  soft  coal  test  with  slots  in  the  fire  pot  open,  paralleling 
the  efficiency  curve  for  the  hard  coal  fire  with  the  slots  closed,  it  may 
be  seen  that  the  point  representing  the  efficiency  on  test  No.  11,  a 
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soft  coal  test  with  the  slots  closed,  falls  below  the  curve  so  drawn, 
indicating  that  opening  the  slots  has  proved  beneficial.  This  pro- 
cedure is  rather  doubtful,  however,  due  to  the  fact  that  the  soft 
coal  curves  may  not  have  the  same  shape  as  the  hard  coal  curves,  as 
already  suggested.  A  study  of  the  flue  gas  samples,  however,  indicated 
that  for  test  No.  12,  with  the  slots  open,  the  excess  oxygen  in  the  gas 
was  practically  the  same  right  after  firing  as  it  was  at  the  end  of  an 
hour  and  just  previous  to  the  next  firing.  This  indicates  that  the 
volatile  was  constantly  distilling  from  the  fuel  bed,  and  that  it  re- 
quired the  air  furnished  through  the  slots  at  all  times.  Otherwise,  as 
the  coal  coked  and  the  volatile  distilled  became  less,  the  gas  samples 
would  have  shown  more  excess  oxygen  just  previous  to  firing.  From 
this  standpoint  the  effect  of  the  slots  seemed  to  be  beneficial. 

Further  corroborative  evidence  in  favor  of  the  conclusion  that 
the  open  slots  were  to  some  extent  beneficial  may  be  found  from  the 
fact  that  the  "unaccounted  for"  loss  given  in  item  64  in  the  results 
under  Section  IV  was  32  per  cent  for  test  No.  11,  in  which  the  slots 
were  closed,  while  it  was  but  22.9  per  cent  for  test  No.  12,  in  which 
the  slots  were  open.  The  latter  value  compares  very  favorably  with 
the  hard  coal  tests  for  which  the  average  "unaccounted  for"  was 
approximately  18  per  cent.  The  10  per  cent  excess  for  test  No.  11  may 
be  attributed  to  loss  due  to  volatile  hydrocarbons  escaping  unburned 
in  the  flue  gas.  The  addition  of  air  over  the  fuel  bed  completed  the 
combustion  of  these  hydrocarbons  in  test  No.  12. 

These  tests,  however,  were  run  under  conditions  which  were  most 
favorable  to  showing  the  slotted  fire-pot  to  an  advantage.  For 
reasons  stated  under  Section  V  it  was  found  desirable  to  fire  the  coal 
in  small  amounts  hourly.  In  this  way  the  volatile  was  constantly 
being  distilled  from  the  fuel  bed.  Since  it  is  only  during  the  distil- 
lation period  that  additional  air  is  required  above  the  fuel  bed,  it  is 
evident  that  extension  of  the  distillation  period  over  the  whole  firing 
period  made  the  constant  addition  of  air  above  the  fire  necessary. 
This  air,  of  course,  was  supplied  through  the  slots.  If  a  large  charge 
of  coal  had  been  fired  and  then  allowed  to  coke,  the  slots  would  prob- 
ably not  have  been  so  effective,  since  the  air  delivered  by  them  after 
the  distillation  period,  during  the  time  the  coke  was  being  burned, 
would  have  been  in  excess  of  that  required  and  would  have  tended 
to  reduce  the  efficiency.  This  is  somewhat  speculative,  however,  and 
no  rigid  conclusions  can  be  drawn  until  further  work  has  been  done 
in  this  field. 
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XIII.    Auxiliary  Plants  for  Testing  Leaders,  Stacks,  and 

Registers 


47.  Proportions  for  Leaders  and  Stacks. — The  auxiliary  equip- 
ment used  in  tests  of  leaders,  stacks,  and  registers,  included  the  single 
leader  furnace,  the  register  grille  plant,  and  the  pipeless  furnace  plant. 
The  single  leader  plant  has  been  described  in  detail  in  former  publi- 
cations.* The  elevation  (Fig.  50)  shows  the  arrangement  of  the 
plant.  The  particular  problem  was  the  determination  of  the  relative 
air-handling  capacities  of  stacks  of  various  cross  sectional  areas  and 
shapes.  Five  stacks  were  tested  and  the  dimensions  of  their  sections 
are  given  in  the  figure.  The  method  of  testing  consisted  of  connecting 
each  leader,  in  turn,  to  the  boot  at  the  end  of  the  10  inch  by  10  foot 
leader  pipe  and  running  tests  over  a  range  of  furnace  temperatures 
and  velocities.  The  velocities  were  measured  at  the  register  face  in 
accordance  with  the  standard  method  employed  in  all  the  furnace 
tests,  by  means  of  a  calibrated  anemometer.  These  velocities  were 
used  to  calculate  the  weight  of  air  flowing  through  the  free  area 
of  the  register.  The  temperature  difference  between  register  and 
inlet  air  was  maintained  in  all  cases  at  approximately  79  deg.  F. 

Table  8,  following,  furnishes  data  on  the  results  of  the  tests. 

Table  8 

Summary  of  Data  on  Tests  of  Five  Stacks 


Relative  Air 

Test 

Stack 

Shape  or  Ratio 

Area 

Relative  Area 

Stack  to  Leader 

Per  Cent 

Capacity  Leader 
and  Stack 

No. 

Dimensions 

of  Sides 

Sq.  In. 

Compared  to 
Test  No.  1 

Per  Cent 

1 

10  in.  dia.  round 

Round 

78 

100 

100 

2 

12J4  in.  wide 
614  in.  deep 

2  to  1 

78 

100 

94 

3 

17  %  in.  wide 
4%  in.  deep 

4  to  1 

78 

100 

93 

4 

13  in.  wide 
4%  in.  deep 

3  to  1 

57 

73 

90 

5 

13  in.  wide 
3  in.  deep 

4K  to  1 

39 

50 

74 

*  See  Bulletins  112  and  117,  Univ.  of  111.  Eng.  Exp.  Sta..  1919,   1920. 
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The  last  two  columns  of  the  table  contain  the  significant  data. 
A  stack  of  narrow  cross  section  of  4  to  1  proportions  had  only  93 
per  cent  of  the  air-handling  capacity  of  the  round  stack  although 
both  were  of  equal  area.  However,  a  stack  of  73  per  cent  relative  area 
showed  90  per  cent  relative  air-handling  capacity,  and  a  reduction 
to  50  per  cent  area  only  lowered  the  capacity  to  74  per  cent.  These 
data  indicate  that  stack  capacity  is  dependent  upon  both  the  relative 
area  and  the  shape  of  the  stack  cross  section. 

48.  Losses  in  Register  Grilles. — A  special  plant  for  testing 
register  faces  to  determine  the  frictional  loss  through  the  grilles  for 
a  number  of  sizes  and  relative  free  areas  of  registers  has  been  con- 
structed, and  preliminary  tests  have  been  made,  but  no  final  data  are 
available  for  this  report. 

On  the  pipeless  furnace  plant,  a  test  was  made  to  determine  the 
effect  of  grilles  upon  furnace  capacity.  Data  for  this  test  are  given 
in  Table  1,  tests  Nos.  7  and  9.  The  tests  were  made  on  a  duplex  cast- 
iron  register  40  inches  by  40  inches  outside.  The  outlet  register  grille 
was  of  the  removable  type  and  had  a  discharge  throat  29%  inches  in 
diameter.  A  bar  carrying  the  center  bearing  for  the  anemometer  car- 
riage extended  across  the  open  discharge  outlet  and  reduced  the  area 
from  4.72  square  feet  to  4.65  square  feet.  Careful  measurement  of  the 
openings  in  the  grille  showed  a  total  free  area  of  2.83  square  feet. 
Thus  the  percentage  of  free  area  of  the  register  grille  was  100  x  2.83/ 
4.72,  or  60.8  percent ;  this  is  a  comparatively  low  percentage. 

The  method  of  testing  consisted  in  running  two  tests  at  a  fixed 
air  temperature-rise  through  the  furnace,  but  varying  conditions  by 
removing  the  register  grille  in  one  case.  By  calibrating  the  ane- 
mometer against  the  Wahlen  gage  and  Pitot  tube  over  both  the  open 
and  the  grilled  faces  the  loss  in  air-handling  capacity  was  readily 
determined.  The  calibration  curves  for  the  anemometer  were  plotted, 
as  shown  in  Fig.  13,  and  then  the  average  anemometer  reading  for 
each  test  was  referred  to  the  curves,  and  the  difference  in  the  weights 
of  air  ascertained.  In  comparing  the  weights  of  air  taken  from  the 
curves,  it  was  necessary  to  make  slight  corrections  because  of  the 
fact  that  the  temperature-rise  through  the  furnace  in  the  two  tests 
was  not  the  same.  This  correction  was  made  in  the  calculation  for 
the  weight  of  the  air  as  determined  by  the  Pitot  tube,  and  its  amount 
appears  in  Table  9,  which  contains  the  complete  results.     Tests  at 
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only  one  velocity  of  discharge,  6  ft.  per  second,  were  made,  but  the 
results  were  considered  accurate  for  any  ordinary  range  of  register 
velocities. 

Comparing  the  corrected  weights  of  air  as  given  in  the  table,  it 
is  evident  that  the  per  cent  loss  due  to  the  grille  was 
3855  -  3740 


3855 


X  100  =  2.7, 


which  was  the  percentage  loss  in  weight  or  volume  of  air  flowing 
through  the  furnace.  The  heating  capacity  of  the  furnace  operating 
with  a  grille  of  60.8  per  cent  free  area  was  correspondingly  reduced. 
See  tests  Nos.  7  and  9,  Table  1. 

This  loss  proved  so  small  that  it  has  been  concluded  that  losses 
due  to  grilles  in  pipeless  furnaces  are  not  important  factors  in  fur- 
nace design.  This  statement  does  not  mean  that  correct  proportions 
between  cold-air  inlet  area  and  warm-air  outlet  areas  are  of  no  con- 
sequence. It  only  means  that  in  the  typical  pipeless  furnace  the 
actual  free  area  of  the  hot  air  grille  is  not  of  great  importance  unless 
made  less  than  60  per  cent  of  the  outlet  register  opening. 


Table  9 
Results  of  Register  Grille  Loss  Tests 


Test  No 

Face 

Temperature-rise  in  furnace 

Barometer 

Weight  of  air  corresponding  to  anemometer  reading  of  240 

Correction  due  to  temperature  difference 

Weight  air  per  hour,  lb.,  corrected 

Air  at  register  temperature,  lb.  per  cu.  ft 

Volume  of  air  handled  cu.  ft 

Free  area,  sq.  ft 

2  83 
Ratio  of  free  areas  =    . '        X  100  =60.8  per  cent. 
4  .60 


1 

2 

Grille 

Open 

140.2 

137 

29.08 

29.35 

3740 

3840 

1.00 

1.002 

3740 

3855 

.0570 

.0575 

05  600 

67  000 

2.83 

4.65 
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APPENDIX 

The  Organization  of  the  Furnace  Research  Staff  and  the 

Advisory  Committee 

The  agreement  between  the  University  and  the  Association  pro- 
vides for  a  staff  of  at  least  two  full-time  research  associates  and  one 
half-time  research  assistant,  who  shall  be  under  the  direction  and 
supervision  of  the  Engineering  Experiment  Station.  The  agree- 
ment also  provides  for  an  Advisory  Committee  on  Furnace  Research 
appointed  by  the  President  of  the  Association.  This  committee  meets 
in  conference  with  the  Furnace  Research  Staff,  as  occasion  may  demand, 
for  the  consideration  of  new  subjects  to  be  listed  in  the  program  of 
investigation,  a  review  of  the  work  accomplished,  and  a  discussion  of 
any  matters  affecting  the  scope  of  the  investigation. 

It  has  been  found  very  difficult  to  assemble  and  maintain  a 
complete  research  staff  for  carrying  on  this  work.  Changes  in  per- 
sonnel are  matters  of  serious  consequence,  as  the  loss  of  an  experi- 
enced investigator  in  research  work  may  mean  a  delay  of  months 
before  a  new  man  can  become  properly  acquainted  with  the  work,  and 
develop  the  necessary  testing  technique  to  secure  reliable  test  data. 

The  personnel  of  the  research  staff  from  the  time  the  investigation 
was  started  in  October,  1918,  to  April  1,  1921,  is  given  in  the 
following : 

Furnace  Research  Staff 

C.R.Richards Dean    College    of    Engineering,    and    Director 

Engineering  Experiment  Station. 

A.  C.  Willard Professor  Heating  and  Ventilation,  and  Head  of 

Department  of  Mechanical  Engineering. 

A.   P.   Kratz Research  Assistant  Professor. 

S.  L.  Simmering*  .  .  Research  Associate. 

F.  G.  WahlenI  ....  Research  Graduate  Assistant. 

V.  S.  Day Research  Assistant  and  later  Research  Associate. 

W.  E.  Pratt* Special  Investigator  and  Research  Associate. 

C.  Z.  RosECRANst .  •  •  .Research  Graduate  Assistant. 

C.  G.  Bradley Mechanician    (half-time). 

*  Professor  Simmering  resigned  March  81,   1919. 

Mr.  Pratt  resigned  December  1,   1919. 
t  Mr.   Wahlen   and   Mr.   Rosecrans   are   connected  with   the   work   only   during   vacation, 
periods. 
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At  the  present  time  Professor  Kratz  and  Mr.  Day  are  devoting 
their  full-time  to  this  work ;  and  they  are  assisted  by  Mr.  Bradley,  on 
half-time. 

Advisory  Committee  on  Furnace  Research 

The  personnel  of  the  Advisory  Committee  has  been  changed  some- 
what since  the  investigation  was  started!  and  its  present  organization 
is  given  in  the  following : 
P.  J.  Dougherty,  Chairman,  Heating  Engineer,  International  Heater 

Co.,  Utica,  N.  Y. 
E.  S.  Moncrief,  Vice  President,  Henry  Furnace  and  Foundry  Co., 

Cleveland,  Ohio. 

E.  B.   Langenberg,    Secretary   and   Treasurer,    Haynes-Langenberg 

Mfg.  Co.,  St.  Louis,  Mo. 
John  Kerch,  Pres.  and  General  Mgr.,  20th  Century  Heating  and  Ven- 
tilating Co.,  Akron,  Ohio. 

F.  W.  Phelps,  2nd  Vice  Pres.  and  Treasurer,  Moore  Bros.,  Joliet, 

Illinois. 


t  "Report  of  Progress  in  Warm-Air  Furnace  Research."     Univ.  of  111.  Eng.  Exp.   Sta., 
Bui.   112,   pp.   57-58,    1919. 
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None  available. 

Bulletin  No.  7.  Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge,  S.  W 
Parr,  and  Henry  B.  Dirks.    1906.    None  available. 

Bulletin  No.  8.  Tests  of  Concrete:  I,  Shear;  II,  Bond,  by  Arthur  N.  Tal- 
bot.   1906.    None  available. 

Bulletin  No.  9.  An  Extension  of  the  Dewey  Decimal  System  of  Classification 
Applied  to  the  Engineering  Industries,  by  L.  P.  Breckenridge  and  G.  A.  Good- 
enough.   1906.   Revised  Edition,  1912.   Fifty  cents. 

Bulletin  No.  10.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series 
of  1906,  by  Arthur  N.  Talbot.    1907.   None  available. 

Bulletin  No.  11.  The  Effect  of  Scale  on  the  Transmission  of  Heat  through 
Locomotive  Boiler  Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.  1907. 
None  available. 

Bulletin  No.  It.  Tests  of  Reinforced  Concrete  T-Beams,  Series  of  1906,  by 
Arthur  N.  Talbot.    1907.   None  available. 

Bulletin  No.  IS.  An  Extension  of  the  Dewey  Decimal  System  of  Classifica- 
tion Applied  to  Architecture  and  Building,  by  N.  Clifford  Ricker.  1906.  None 
available. 

Bulletin  No.  14.  Tests  of  Reinforced  Concrete  Beams,  Series  of  1906,  by 
Arthur  N.  Talbot.    1907.    None  available. 
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Bulletin  No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Breck- 
enridge.    1907.   None  available. 

Bulletin  No.  16.  A  Study  of  Roof  Trusses,  by  N.  Clifford  Ricker.  1907. 
None  available. 

Bulletin  No.  17.  The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  Hamilton, 
and  W.  F.  Wheeler.   1907.   None  available. 

Bulletin  No.  18.  The  Strength  of  Chain  Links,  by  G.  A.  Goodenough  and 
L.  E.  Moore.   1907.   Forty  cents. 

Bulletin  No.  19.  Comparative  Tests  of  Carbon,  Metallized  Carbon,  and  Tan- 
talum Filament  Lamps,  by  T.  H.  Amrine.    1907.   None  available. 

Bulletin  No.  20.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series 
of  1907,  by  Arthur  N   Talbot.   1907.   None  available. 

Bulletin  No.  21  Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M.  Gar- 
land.  1908.   Fifteen  cents. 

Bulletin  No.  22.  Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe, 
by  Arthur  N.  Talbot.   1908.   None  available. 

Bulletin  No.  23.  Voids,  Settlement,  and  Weight  of  Crushed  Stone,  by  Ira  O 
Baker.   1908.   Fifteen  cents. 

*Bulletin  No.  24.  The  Modification  of  Illinois  Coal  by  Low  Temperature  Dis 
tillation,  by  S.  W.  Parr  and  C.  K.  Francis.   1908.   Thirty  cents. 

Bulletin  No.  25.  Lighting  Country  Homes  by  Private  Electric  Plants,  by 
T.  H.  Amrine.    1908.    Twenty  cents. 

Bulletin  No.  26.  High  Steam-Pressure  in  Locomotive  Service.  A  Review  of  a 
Report  to  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.  1908. 
Twenty-five  cents. 

Bulletin  No.  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by 
Arthur  N.  Talbot  and  Duff  A.  Abrams.    1908.    Twenty-five  cents. 

Bulletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by 
Arthur  N.  Talbot.    1908.   Fifteen  cents. 

Bulletin  No.  29.  Tests  of  Reinforced  Concrete  Beams:  Resistance  to  Web 
Stresses,  Series  of  1907  and  1908,  by  Arthur  N.  Talbot.    1909.   Forty-five  cents. 

Bulletin  No.  30.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Pro- 
ducers, by  J.  K.  Clement,  L.  H.  Adams,  and  C.  N.  Haskins.  1909.  Twenty-five 
cents. 

Bulletin  No.  31.  Tests  with  House-Heating  Boilers,  by  J.  M.  Snodgrass.  1909. 
Fifty-five  cents. 

Bulletin  No.  32.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry 
Barker.   1909.   Fifteen  cents. 

Bulletin  No.  33.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Guell. 
1909.    Twenty  cents. 

*Bulletin  No.  34.  Tests  of  Two  Types  of  Tile-Roof  Furnaces  under  a  Water 
Tube  Boiler,  by  J.  M.  Snodgrass.   1909.   Fifteen  cents. 
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Bulletin  No.  85.  A  Study  of  Base  and  Bearing  Plates  for  Columns  and 
Beams,  by  N.  Clifford  Bicker.   1909.       Twenty  cents. 

Bulletin  No.  86.  The  Thermal  Conductivity  of  Fire-Clay  at  High  Temper- 
atures, by  J.  K.  Clement  and  W.  L.  Egy.   1909.   Twenty  cents. 

Bulletin  No.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr 
and  W.  F.  Wheeler.    1909.    None  available. 

Bulletin  No.  38.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler. 
1909.    Twenty-five  cents. 

'Bulletin  No.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney. 
1909.   Seventy-five  cents. 

Bulletin  No.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M. 
Garland.    1909.    Ten  cents. 

Bulletin  No.  41.  Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.  1909.  Thirty- 
five  cents. 

'Bulletin  No.  42.  The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Her- 
bert F.  Moore.    1909.   Ten  cents. 

Bulletin  No.  43.  Freight  Train  Eesistance,  by  Edward  C.  Schmidt.  1910 
Seventy-five  cents. 

Bulletin  No.  44.  An  Investigation  of  Built-up  Columns  under  Load,  by 
Arthur  N.  Talbot  and  Herbert  F.  Moore.    1910.    Thirty-five  cents. 

'Bulletin  No.  45.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert 
L.  Whittemore.    1910.    Thirty-five  cents. 

Bulletin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and 
F.  W.  Kressman.    1910.   Forty-five  cents. 

'Bulletin  No.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B. 
Stephenson.    1910.    Twenty-five  cents. 

'Bulletin  No.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by 
Arthur  N.  Talbot  and  Melvin  L.  Enger.   1911.   Forty  cents. 

'Bulletin  No.  49.  Tests  of  Nickel-Steel  Riveted  Joints,  by  Arthur  N.  Talbot 
and  Herbert  F.  Moore.    1911.    Thirty  cents. 

'Bulletin  No.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and 
A.  P.  Kratz.   1911.   Fifty  cents. 

Bulletin  No.  51.  Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.  1911. 
Thirty-five  cents. 

'Bulletin  No.  52.  An  Investigation  of  the  Strength  of  Rolled  Zinc,  by  Herbert 
F.  Moore.    1911.   Fifteen  cents. 

'Bulletin  No.  53.  Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner. 
1912.   Forty  cents. 

* Bulletin  No.  54.  Mechanical  Stresses  in  Transmission  Lines,  by  A.  Guell. 
1912.    Twenty  cents. 

'Bulletin  No.  55.  Starting  Currents  of  Transformers,  with  Special  Reference 
to  Transformers  with  Silicon  Steel  Cores,  by  Trygve  D.  Yensen.  1912.  Twenty 
cents. 
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'Bulletin  No.  56.  Tests  of  Columns:  An  Investigation  of  the  Value  of  Con- 
crete as  Keinforcement  for  Structural  Steel  Columns,  by  Arthur  N.  Talbot  and 
Arthur  R.  Lord.   1912.    Twenty-five  cents. 

'Bulletin  No.  57.  Superheated  Steam  in  Locomotive  Service.  A  Review  of 
Publication  No.  127  of  the  Carnegie  Institution  of  Washington,  by  W.  F.  M 
Goss.   1912.  Forty  cents. 

'Bulletin  No.  58.  A  New  Analysis  of  the  Cylinder  Performance  of  Reciprocat- 
ing Engines,  by  J.  Paul  Clayton.   1912.   Sixty  cents. 

'Bulletin  No.  59.  The  Effect  of   Cold   Weather   upon    Train   Resistance  and 

Tonnage  Rating,  by  Edward  C.  Schmidt  and  F.  W.  Marquis.    1912.    Twenty  cents. 

Bulletin  No.  60.  The  Coking  of  Coal  at  Low  Temperature,  with  a  Preliminary 

Study  of  the  By-Products,  by  S.  W.  Parr  and  H.  L.  Olin.   1912.   Twenty-five  cents. 

'Bulletin  No.  61.  Characteristics  and  Limitations  of  the  Series  Transformer, 
by  A.  R.  Anderson  and  H.  R.  Woodrow.   1912.    Twenty-five  cents. 

Bulletin  No.  62.  The  Electron  Theory  of  Magnetism,  by  Elmer  H.  Williams. 

1912.  Thirty-five  cents. 

Bulletin  No.  63.  Entropy-Temperature  and   Transmission  Diagrams  for  Air, 
by  C.  R.  Richards.  1913.  Twenty-five  cents. 

'Bulletin  No.  64.  Tests  of  Reinforced  Concrete  Buildings  under  Load,  by 
Arthur  N.  Talbot  and  Willis  A.  Slater.   1913.   Fifty  cents. 

'Bulletin  No.  65.  The  Steam  Consumption  of  Locomotive  Engines  from  the 
Indicator  Diagrams,  by  J.  Paul  Clayton.    1913.   Forty  cents. 

Bulletin  No.  66.  The    Properties    of    Saturated    and    Superheated   Ammonia 
Vapor,  by  G.  A.  Goodenough  and  William  Earl  Mosher.    1913.    Fifty  cents. 

Bulletin  No.  67.  Reinforced  Concrete  Wall   Footings  and   Column   Footings, 
by  Arthur  N.  Talbot.   1913.  None  available. 

Bulletin  No.  68.  The  Strength  of  I-Beams  in  Flexure,  by  Herbert  F.  Moore. 

1913.  Twenty  cents. 

Bulletin  No.  69.  Coal  Washing  in  Illinois,  by  F.  C.  Lincoln.    1913.    Fifty 
cents. 

Bulletin  No.  70.  The   Mortar -Making  Qualities  of   Illinois   Sands,   by   C.   C. 
Wiley.    1913.    Twenty  cents. 

Bulletin  No.  71.  Tests   of   Bond   between   Concrete   and   Steel,   by   Duff   A. 
Abrams.    1913.    One  dollar. 

'Bulletin  No.  72.  Magnetic  and  Other  Properties  of  Electrolytic  Iron  Melted 
in  Vacuo,  by  Trygve  D.  Yensen.    1914.   Forty  cents. 

Bulletin  No.  73.  Acoustics  of  Auditoriums,  by  F.  R.  Watson.    1914.    Twenty 
cents. 

'Bulletin  No.  74.  The  Tractive  Resistance  of  a  28-Ton  Electric  Car,  by  Harold 
H.  Dunn.  1914.    Twenty-five  cents. 

Bulletin  No.  75.  Thermal  Properties  of  Steam,  by  G.  A.  Goodenough.    1914. 
Thirty-five  cents. 
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Bulletin  No.  76.  The  Analysis  of  Coal  with  Phenol  as  a  Solvent,  by  8.  W. 
Parr  and  H.  F.  Hadley.   1914.    Twenty-five  cents. 

"Bulletin  No.  77.  The  Effect  of  Boron  upon  the  Magnetic  and  Other  Prop- 
erties of  Electrolytic  Iron  Melted  in  "Vacuo,  by  Trygve  D.  Yensen.  1915.  Ten 
cents. 

Bulletin  No.  78.  A  Study  of  Boiler  Losses,  by  A.  P.  Kratz.    1915.    Thirty- 
five  cents. 

* Bulletin  No.  79.  The  Coking  of  Coal  at  Low  Temperatures,  with  Special  Ref- 
erence to  the  Properties  and  Composition  of  the  Products,  by  S.  W.  Parr  and 
H.  L.  Olin.   1915.    Twenty-five  cents. 

Bulletin  No.  80.  Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,  by 
W.  M.  Wilson  and  G.  A.  Maney.   1915.   Fifty  cents. 

Bulletin  No.  81.  Influence  of  Temperature  on  the  Strength  of  Concrete,  by 
A.  B.  McDaniel.    1915.    Fifteen  cents. 

Bulletin  No.  82.  Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  C. 
Schmidt,  J.  M.  Snodgrass,  and  R.  B.  Keller.    1915.    Sixty-five  cents. 

*Bulletin  No.  83.  Magnetic  and  Other  Properties  of  Iron-Silicon  Alloys, 
Melted  in  Vacuo,  by  Trygve  D.  Yensen.    1915.    Thirty-five  cents. 

Bulletin  No.  84.  Tests    of    Reinforced    Concrete    Flat    Slab    Structures,    by 
Arthur  N.  Talbot  and  W.  A.  Slater.    1916.   Sixty-five  cents. 

*Bulletin  No.  85.  The  Strength  and  Stiffness  of  Steel  under  Biaxial  Loading, 
by  A.  J.  Becker.    1916.    Thirty-five  cents. 

Bulletin  No.  86.  The  Strength  of  I-Beams  and  Girders,  by  Herbert  F.  Moore 
and  W.  M.  Wilson.    1916.  Thirty  cents. 

"Bulletin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  University  of  Illi- 
nois, by  F.  R.  Watson  and  J.  M.  White.    1916.   Fifteen  cents. 

Bulletin  No.  88.  Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by 
E.  A.  Holbrook.  1916.   Seventy  cents. 

Bulletin  No.  89.  Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel. 
1916.    Thirty  cents. 

*Bulletin  No.  90.  Some  Graphical  Solutions  of  Electric  Railway  Problems,  by 
A.  M.  Buck.    1916.    Twenty  cents. 

Bulletin  No.  91.  Subsidence   Resulting   from   Mining,   by   L.    E.   Young   and 
H.  H.  Stoek.  1916.   None  available. 

*  Bulletin  No.  92.  The  Tractive  Resistance  on  Curves  of  a  28 -Ton  Electric 
Car,  by  E.  C.  Schmidt  and  H.  H.  Dunn.  1916.  Twenty-five  cents. 

*  Bulletin  No.  93.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper, 
and  Nickel,  by  D.  F.  McFarland  and  O.  E.  Harder.   1916.    Thirty  cents. 

"Bulletin  No.  94.  The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel, 
by  S.  W.  Parr.   1917.    Thirty  cents. 

"Bulletin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  Alloys 
Melted  in  Vacuo,  by  T.  D.  Yensen  and  W.  A.  Gatward.    1917.    Twenty-five  centt. 
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"Bulletin  No.  96.  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through 
a  Submerged  Short  Pipe,  by  Fred  B  Seely.    1917.    Twenty-five  cents. 

"Bulletin  No.  97.  Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W. 
Parr.   1917.   Twenty  cents. 

"Bulletin  No.  98.  Tests  of  Oxyacetylene  Welded  Joints  in  Steel  Plates,  by 
Herbert  F.  Moore.   1917.    Ten  cents. 

Circular  No.  4.     The   Economical   Purchase   and   Use   of   Coal   for   Heating 
Homes,  with  Special  Reference  to  Conditions  in  Illinois.   1917.   Ten  cents. 

"Bulletin  No.  99.  The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman.  1917. 
Twenty  cents. 

"Circular  No.  5.  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bituminous 
Coal,  by  E.  A.  Holbrook.  1917.   Twenty  cents. 

"Bulletin  No.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special 
Reference  to  Illinois  Conditions,  by  C.  M.  Young.    1917. 

"Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mi- 
kado Locomotive,  by  E.  C.  Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.  1917. 
Fifty  cents. 

"Bulletin  No.  102.  A  Study  of  the  Heat  Transmission  of  Building  Materials, 
by  A.  C.  Willard  and  L.  C.  Lichty.    1917.    Twenty-five  cents. 

"Bulletin  No.  103.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W. 
P.  Lukens.    1917.   Sixty  cents. 

"Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel 
Structures,  by  W.  M.  Wilson  and  H.  F.  Moore.  1917.  Twenty-five  cents. 

Circular  No.  6.       The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoek.    1918. 
Forty  cents. 

Circular  No.  7.       Fuel   Economy   in    the   Operation   of   Hand   Fired   Power 
Plants.    1918.    Twenty  cents. 

"Bulletin  No.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles, 
and  Orifice  Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  R.  Fleming,  and 
Melvin  L.  Enger.    1918.    Thirty-five  cents. 

"Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union 
Building,  by  Arthur  N.  Talbot  and  Harrison  F.  Gonnerman.    1918.    Twenty  cents. 
Circular  No.  8.       The  Economical  Use  of  Coal  in  Railway  Locomotives.   1918. 
Twenty  cents. 

"Bulletin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Con- 
crete Frames,  by  Mikishi  Abe.    1918.    Fifty  cents. 

"Bulletin  No.  108.  Analysis  of  Statically  Indeterminate  Structures  by  the 
Slope  Deflection  Method,  by  W.  M.  Wilson,  F.  E.  Richart,  and  Camillo  Weiss. 
1918.    One  dollar. 

"Bulletin  No.  109.  The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  Water 
through  a  Pipe,  by  R.  E.  Davis  and  H.  H.  Jordan ,  1918.   Twenty-five  cents. 

"Bulletin  No.  110.  Passenger  Train  Resistance,  by  E.  C.  Schmidt  and  H.  H. 
Dunn.    1918.    Twenty  cents. 
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*  Bulletin  No.  111.  A  Study  of  the  Forms  in  which  Sulphur  Occurs  in  Coal,  by 
A.  B.  Powell  with  S.  W.  Parr.    1919.   Thirty  cents. 

*Bulletin  No.  112.  Keport  of  Progress  in  Warm-Air  Furnace  Research,  by 
A.  C.  Willard.    1919.    Thirty-five  cents. 

*  Bulletin  No.  113.  Panel  System  of  Coal  Mining.  A  Graphical  Study  of  Per- 
centage of  Extraction,  by  C.  M.  Young.    1919. 

*  Bulletin  No.  114.  Corona  Discharge,  by  Earle  H.  Warner  with  Jakob  Kunz. 

1919.  Seventy-five  cents. 

"Bulletin  No.  115.  The  Relation  between  the  Elastic  Strengths  of  Steel  in 
Tension,  Compression,  and  Shear,  by  F.  B.  Seely  and  W.  J.  Putnam.  1919.  Twenty 
cents. 

Bulletin  No.  116.  Bituminous  Coal  Storage  Practice,  by  B.  H.  Stoek,  C.  W. 
Hippard,  and  W.  D.  Langtry.    1920.    Seventy-five  cents. 

" Bulletin  No.  117.  Emissivity  of  Heat  from  Various  Surfaces,  by  V.  S.  Day. 

1920.  Twenty  cents. 

"Bulletin  No.  118.  Dissolved  Gases  in  Glass,  by  E.  W.  Washburn,  F.  F.  Footitt, 
and  E.  N.  Bunting.     1920.     Twenty  cents. 

*  Bulletin  No.  119.  Some  Conditions  Affecting  the  Usefulness  of  Iron  Oxide 
for  City  Gas  Purification,  by  W.  A.  Dunkley.     1921. 

"Circular  No.  9.  The  Functions  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  by  C.  R.  Richards.     1921. 

"Bulletin  No.  120.  Investigation  of  Warm-Air  Furnaces  and  Heating  Systems, 
by  A.  C.  Willard,  A.  P.  Kratz,  and  V.  S.  Day,  1921.     Seventy-five  cents. 
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I.     Introduction 

1.  Purpose  of  the  Study. — Concerning  the  use  of  the  volute 
in  connection  with  the  Ionic  order  much  has  been  written.  Varied 
and  fanciful  theories  have  been  advanced  to  explain  or  prove  its 
origin.  But  scarcely  anything  has  been  recorded  as  to  the  wide  use 
of  the  volute  in  other  structural  and  decorative  architectural  forms, 
or  the  lessons  to  be  drawn  from  this  use.  As  a  matter  of  fact  the 
volute  is  one  of  the  most  universally  occurring  of  all  art  motifs,  its 
early  use  as  decoration  antedating  by  many  centuries  its  incorporation 
into  the  Ionic  capital.  It  was  with  a  view  to  pointing  out  the  uni- 
versality of  the  use  of  the  volute  and  the  bearing  that  this  fact  has 
upon  the  development  of  the  Ionic  order,  that  the  present  study  was 
undertaken. 

It  is  hoped,  furthermore,  that  it  will  be  possible  to  prove  that 
the  volute,  as  an  art-form,  is  the  natural  outcome  and  the  logical 
result  of  man's  environment;  that  the  volute  is  inseparably  linked 
with  nature,  being  one  of  the  few  configurations  convenient  to  living 
cellular  forms;  that  with  the  appreciation,  by  man,  of  this  principle 
in  nature,  it  becomes  a  part  of  his  natural  experience,  a  thing  to  be 
felt,  as  its  rhythm  or  color ;  and  that  it  would  seem  childish,  therefore, 
to  explain  the  introduction  of  the  volute  into  the  Ionic  order  as  the 
result  of  man's  imitation  of  the  curve  of  any  particular  natural  form, 
such  as  that  of  the  sea  shell,  or  the  ram's  horn,  or  to  attempt  to  ac- 
count for  that  introduction  by  the  fact  that  certain  spiral  forms  were 
extant  in  this  country  or  that  at  a  given  time.  It  is  intended  to 
show  that  spiral  forms  are  to  be  found  in  all  countries  at  all  times 
under  one  guise  or  another;  that  the  volute  has  a  much  deeper  and 
more  fundamental  meaning  than  any  of  those  that  have  been  claimed 
for  it  in  the  past;  that  it  is  a  principle  in  nature,  a  very  potent  and 
fundamental  law  of  growth,  appreciable  in  all  forms  from  the  lowest 
to  the  highest;  that  what  man  experiences  so  universally  in  nature 
and  feels  so  fundamentally,  he  is  pretty  likely  to  incorporate  into  his 
artistic  expression ;    or,  in  other  words,  that  the  volute  had  become, 
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in  very  early  times,  an  abstract,  though  dynamic,  principle  in  thought 
and  life,  and,  in  art,  "an  element  of  beauty,"  appreciated  by  the 
mind  of  man, — that  appreciation  predicated,  to  be  sure,  upon  bio- 
logical and  geological  pre-conditions — "an  element,"  akin  to  unity, 
rhythm,  balance,  and  the  various  geometrical  progressions  in  nature 
that  have  found  their  way  into  art. 

It  is  the  purpose  of  this  study  to  develop  this  method  of  approach 
in  order  to  explain  the  extremely  wide  and  varied  use  of  the  volute 
in  architecture,  and  ultimately  to  present  what  is  apparently  the 
natural  and  logical  reason,  as  well  as  the  valid  argument,  for  the 
existence  of  the  volute  in  an  order  of  architecture. 
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II.     The  Volute 

2.  Definition. — The  volute  or  spiral  is  defined  in  mathematics 
as  any  plane  curve  formed  by  a  point  that  moves  around  a  fixed  center 
continually  increasing  its  distance  from  it,  or  again,  as  the  locus  of 
the  extremity  of  a  line  (or  radius  vector)  which  varies  in  length  as 
it  revolves  about  a  fixed  point  or  origin.  These  are  general  definitions 
and  do  not  adequately  describe  the  regular  spiral,  which  is  known 
as  the  "Spiral  of  Archimedes,"  and  defined  as  a  curve  formed  by  a 
point  moving  with  uniform  angular  velocity  and  receding  from  the 
center  at  a  uniform  rate.* 

This  last  definition  more  nearly  describes  the  spiral  that  is 
most  frequently  encountered  in  art.  It  is  not,  however,  the  spiral 
of  nature.  In  other  words,  the  spiral  of  art  and  architecture  is  not 
the  spiral  of  nature,  any  more  than  any  other  art-motif  is  identical 
with  the  thing  in  nature  that  inspired  it,  f  but  is  the  spiral  of  nature, 
idealized  and  conventionalized  into  something  more  nearly  approach- 
ing the  abstract  or  ideal.  That  is,  after  all,  the  artistic  process:  art, 
if  it  is  anything,  is  nature  plus  man's  idealism.  So  then  the  volute 
in  architecture  occupies  a  place  analogous  to  that  of  the  Venus  de 
Milo  in  sculpture.  The  Venus  de  Milo  represents  not  what  any  Greek 
woman  ever  was,  but  what  every  Greek  woman  would  like  to  have 
been — that  is,  the  Greek  woman  idealized.  Similarly  the  volute  is 
not  the  spiral  of  the  ram's  horn,  of  the  nautilus,  of  the  snail-shell, 
nor  of  wave  motion ;  it  is  all  of  these,  or  the  spirit  common  to  all, 
idealized  and  conventionalized  from  the  natural  originals. 

It  must  be  borne  in  mind  that  the  great  majority  of  art-motifs 
owe  their  birth  to  attempted  realism.  Forms  are  meant  first  to  be 
lifelike,  or  at  least,  to  suggest  real  objects.  Conventionalization  follows 
realism.!     But  even  primitive  man  was  not  content  merely  to  represent 


*  T.  L.  Heath,  in  the  "Works  of  Archimedes,"  defines  the  spiral  thus:  "If  a  straight 
line  drawn  in  a  plane  revolve  at  a  uniform  rate  about  one  extremity  which  remains  fixed 
and  return  to  the  position  from  which  it  started,  and  if,  at  the  same  time  as  the  line 
revolves,  a  point  move  at  a  uniform  rate  along  the  straight  line  beginning  from  the  ex- 
tremity that  remains  fixed,  the  point  will  describe  a  spiral  in  the  plane." 

t  Ruskin,  in  "Modern  Painters,"  Vol.  IV,  Chap.  XVII,  discusses  the  mathematical 
development   of   the   spiral   of   nature.      Its   development    is   illustrated   by   Fig.    1. 

t  Haddon,    "Evolution    in   Art,"    p.    7. 
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a   bed   e  f    oh   i 


•0. 
Fig.  1.     The  Spiral  of  Nature,  after  Ruskin 

realistically  the  various  spiral  forms.  The  earliest  spirals  found, 
although  they  are  used  in  connection  with  animal  or  plant-forms,  are 
conventional  in  treatment  rather  than  naturalistic. 

3.  Attributes  of  the  Volute. — In  this  connection  it  will  be  in- 
teresting and  instructive  to  attempt  to  interpret  something  of  the 
spirit  or  feeling  of  the  volute.  The  characteristics  of  the  volute  are, 
perhaps,  two  fold.  It  is  particularly  unified  in  that  it  is  related  to  a 
definite  point  or  center,  yet  it  is  universal  and  all-embracing  in  that 
it  is  ever-widening  as  it  recedes  from  that  center  in  its  generation, 
and  infinite  in  its  conception.  Moreover,  the  volute  is  capable  of 
two  interpretations  depending  upon  the  way  the  mind  follows  the 
curve.  It  may  mean  from  a  very  particular  definite  point  out  into 
the  everywhere,  or  it  may  mean  just  the  reverse — from  infinity  into 
the  finite  particular  center.  Thus  it  can  be  employed  as  a  terminating 
motif  in  art,  serving  equally  well  as  a  beginning  or  as  an  ending. 

This  terminating  characteristic  is  appreciated  in  nature.  In 
certain  of  the  animal-forms  the  center  is  the  beginning,  the  process 
of  growth  taking  place  from  this  center  outward;  this  is  true  of  the 
spiral  shell-forms  such  as  the  chambered  nautilus,  snails,  and  other 
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forms.  In  others,  the  process  is  reversed,  as  in  the  ram's  horn, 
which  grows  out  and  curls  up  as  it  grows.  This  latter  method  of 
growth  is  also  found  in  the  case  of  most  plant  tendrils.  On  the 
other  hand  an  unfolding  fern-frond  obeys  neither  progression;  it 
comes  through  the  surface  of  the  ground  fully  voluted  and  then 
unrolls.  Abstractly,  however,  we  generally  conceive  the  volute  as 
progressing  from  the  center  outward  in  an  ever-widening  sweep. 

In  addition,  the  volute  always  inspires  one  with  its  dynamic 
character.  It  is  one  of  the  most  engrossing  and  interesting  curves 
in  nature  or  art,  and  though  not  so  difficult  to  trace  as  some  decora- 
tive interlacings,  it  is,  nevertheless,  a  rather  involved  curve  for  the 
human  eye.  The  involved  form,  and  the  suggestion  of  the  infinite, 
are  enough  to  generate  a  mysterious  interest  and,  perhaps  for  this 
reason  among  others,  the  curve  has  been  widely  used  in  art.  Ruskin* 
has  remarked  "the  inherent  power  of  all  representations  of  infinity 
over  the  human  heart."  The  volute,  however  is  scarcely  as  beautiful 
as  some  of  the  subtle  "S"  curves  found  in  nature  and  perpetuated 
in  art. 

4.  Origin  of  the  Volute. — The  introduction  of  the  spiral  or 
volute  into  art  and  its  travel  from  the  place  of  its  early  conception 
as  an  art-motif  to  the  various  early  cultural  centers  have  been  the 
subjects  of  many  discussions.  So  wide  is  the  geographical  distribution 
of  the  spiral  in  art,  savage  and  civilized,  that  it  would  seem  that 
it  originally  must  have  been  introduced  at  many  widely  separated 
and  geographically  unrelated  points. f  May  not  its  use  have  sprung 
up  spontaneously  in  many  cultural  centers  ?$ 

•lust  what  was  the  source  of  the  spiral  motif  is  not  so  plain. 
Two  theories  concerning  this  have  a  place  in  any  discussion ;  these  are 
the  theories  that  (a)  derive  the  spiral  from  nature:  or,  (b)  attribute 
to  it  a  technomoi'phic  origin. 

Concerning  the  first  theory  much  may  be  said.  Nature  has  been 
very  prodigal  in  her  use  of  spirals  and  spirally  inclined  curves.  The 
spiral  is  found  throughout  the  earth  in  one  form  of  life  or  another, 


*  Ruskin,    "Modern   Painters,"   Vol.   II,   p.   99. 

t  See  Breasted,  "A  History  of  the  Ancient  Egyptians,"  p.  253.  Bell,  "Architecture  of 
Ancient  Egypt,"  p.  76.  Hamlin,  "History  of  Ornament,"  p,  46.  Evans,  "Scripts  Minoa," 
p.  126.  Hall,  H.  R.,  "Decorative  Art  of  Crete  in  the  Bronze  Age,"  p.  9.  Baikie,  "Sea- 
Kings    of    Crete,"    pp.    48,    193,    etc. 

t  Taylor,    "The   Origins  of  the  Aryans,"   pp.  52,    132. 
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and  of  the  universality  of  this  curve  we  have  ample  proof,  not  only 
in  these  spirals  of  terrestrial  origin,  but  also  in  the  spiral  nebula? 
found  in  the  heavens  about  us.*  In  plant  life,  the  spiral  is  a 
frequently  recurring  form,   appearing  in   fern-fronds,   tendrils,   and 


tfelix    Pieto. 


3piru)fl.    tgrorut 


om  pmos 


Fig.  2.     Shell  Spirals,  from  Nature 

leaf  curvatures.  The  vegetable  origin  of  many  volutes  in  art  is  be- 
trayed by  their  use  with  vegetable  or  floral  forms,  and  indeed  this 
affinity  is  so  marked  that  it  has  been  the  basis  for  an  argument  deriving 
all  spiral  or  voluted   forms  from  the   Egyptian  lotus. f      In   animal 

*    Herbert,    "First   Principles   of    Evolution,"    p.    15. 
t  Goodyear,    "Grnmiruir  of  the   Lotus." 
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life,  the  spiral  is,  if  anything',  of  more  frequent  occurrence  than  in 
plant  life,  being  found  in  such  forms  as  the  chambered  nautilus, 
various  spirulae,  volutidae,  and  numberless  others  (Fig.  2).  It  is 
characteristic  of  a  whole  family  of  land  shell-bearing  creatures, 
typified  by  our  common  snails.  Moreover,  it  is  a  habitual  bodily 
configuration  of  many  animal  forms  such  as  worms  and  snakes,  and  is 
the  curve  found  in  the  horns  of  certain  sheep  and  goats,  as  well  as 
being  a  characteristic  termination  of  the  antennae  of  many  insects. 
The  origin  of  the  spiral  in  art  has  also  been  attributed  to  a  conven- 
tionalization of  wind  and  water*  motion,  and  for  this  reason  the  curve 
is  often  called  the  "wave-motif. "t 

The  idea  of  the  teehnomorphic  origin  of  the  spiral  has  been  well 
developed  by  Dr.  Holmesi  in  connection  with  his  attempt  to  account 
for  this  motif  on  much  of  the  pottery  of  the  American  Indian. 
Basket  building  with  the  Indian  consisted,  in  many  cases,  of  "raising" 
the  basket  by  a  coiling  of  grass  ropes  previously  prepared,  and  of 
stitching  or  securing  each  succeeding  coil  to  the  one  below  it.  This 
same  method,  in  the  absence  of  a  pottery  wheel,  was  used  in  "raising" 
pottery  forms,fl  such  as  bowls  or  vases,  and  has,  no  doubt,  been 
practised  in  all  lands.  When  the  basket  or  bowl  thus  formed  was 
ready  for  decoration,  what  motif  would  be  more  appropriate  and 
natural  than  the  spiral,  the  symbol  typifying  the  spirit  or  principle 
of  the  construction  ?§ 

From  the  earliest  times,  as  everyone  knows,  women  have  wound 
their  hair  into  coils  of  more  or  less  spiral  form.  This  habit  has  been 
utilized  by  the  Latin  authority  Vitruvius**  in  his  explanation  of  the 
Ionic  volute.  Moreover,  the  spiral  or  volute  is  arrived  at,  techno- 
morphically,  by  the  rolling  up  of  skins,  metal  or  paper. 

Now  it  appears  probable  that  in  certain  quarters  of  the  globe 
the  spiral  may  have  had  a  teehnomorphic  origin ;    but  with  the  wide 


*  Holmes  and  Gushing,  Annual  Report  of  the  Bureau  of  Ethnology,  Vol.  IV.,  p.  460. 
1886.  "This  same  figure,  in  use  by  the.  Indians  of  the  interior  of  the  continent,  is  regarded 
as  symbolic  of  the  whirlwind,  and  it  is  probable  that  any  symbolizing  people  will  find  in  the 
features  and  phenomena  of  their  environment,  whatever  it  may  be,  sufficient  resemblance 
to  any  of  their  decorative  devices  to  lead  to  a  symbolic   association."      See   also  p.  515. 

t  Hamlin,    Op.   Cit.,    pp.    46,    07. 

t  Holmes.    "Origin    and    Development    of   Form    and    Ornament    in    Ceramic    Art."    Annual 
Report  of  the  Bureau  of  Ethnology,   Vol.  IV,   1886. 
1  .Mason.   "Tlie  Origins  of  Inventions."   Chap.  V. 
§  Elliott,    "Prehistoric    Man    and    His  Story,"    pp.   206-7. 

*  Vitruvius.  Book  IV,  Chap.  I,  ",  .  .  in  the  capital  they  placed  the  volutes,  hanging 
down   at  the  right  and  left  like  curly  ringlets." 


14  ILLINOIS   ENGINEERING   EXPERIMENT    STATION 

distribution  of  spirals  and  spirally-inclined  forms  in  all  nature  it 
seems  likely  that  man  must  have  appreciated  the  curve  of  the  sea-shell, 
the  spiral  motion  of  the  breaker  upon  the  beach,  or  the  spiral  ten- 
dency of  floral  forms,  long  before  he  actually  discovered  the  spiral 
in  connection  with  his  manipulation  of  materials.  Indeed  this  very 
principle,  appreciated  in  nature  as  a  natural  and  logical  method  of 
construction  since  it  is  so  prevalent  in  plant  and  animal  structure. 
may  have  led  to  this  method  of  basketry  or  vase-making. 

The  spiral  then  is  a  natural  form,  a  form  predicated  upon  natural 
structure.  Curvature  is  a  law  of  nature  remarked  by  Ruskin,*  and 
will  be  found  in  one  form  or  another  in  all  and  through  all  phases  of 
nature.  These  curves  in  nature  have  in  a  measure  determined  man's 
mental  habits.  Thus  the  human  mind  finds  curves  more  pleasant 
than  right  lines,  and  the  curves  that  approach  infinity  the  most 
interesting  and  pleasing  of  all.  The  spiral,  because  it  is  among  the 
curves  more  nearly  infinite  in  conception,  has  from  very  early  times 
greatly  appealed  to  the  mind  of  man,  and  has  for  that  reason  entered 
very  deeply  into  his  artistic  expression. 

Whether  or  not  it  can  be  established  that  the  spiral  is  convention- 
alized wave-motion,  the  representation  of  a  sea-shell,  or  the  curve  of 
a  ram's  horn,  is  immaterial.  It  is  possible  that  all  of  these  concrete 
phenomena  and  many  more  have  inspired  early  artists  with  a  love 
of  the  spiral  at  one  time  or  another,  but  it  was  the  beautifully 
rhythmic  curve — the  law  and  spirit  behind  all  these  specific  forms— - 
that  man  loved,  and  still  loves,  not  the  particular  natural  form. 
Whether  or  not  the  spiral  was  technically  given  form  originally 
through  a  technomorphic  process  is  likewise  immaterial.  Nature  with 
her  wealth  of  beautiful  spirals  was  all  about  primitive  man  as  she  is 
about  man  today,  and  nature  shaped  his  mental  processes  long  before 
he  began  to  manipulate  materials.  It  would  seem  reasonable  therefore 
to  conclude  that  this  curve  entered  art  like  most  other  forms  from 
nature-inspired  beginnings. 

So  then,  in  the  last  analj'sis,  it  must  appear  that  the  spiral  is 
typical  or  representative  of  a  law  of  growth  in  nature,  and  stands 
for  a  more  fundamental  principle  in  life  and  art  than  the  mere  rep- 
resentation imitatively  by  man  of  any  one  particular  form  would 
indicate.  Once  into  art,  from  whatever  source,  it  became  a  popular 
and  engrossing  motif  for  reasons  already  pointed  out.    Its  popularity 

*  Ruskin,    "Modern   Painters,"   Vol.   II,   p.   200;     Vol.    IV,    p.    187. 
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has  prevailed  and  will  continue  to  prevail  as  long  as  the  mind  of 
man  bears  the  same  relation  to  nature  as  in  the  past  and  the  present. 
In  other  words  the  volute  continues  in  art  because  it  is  in  nature. 

Now,  while  the  volute  as  a  motif  has  continued  perennially  in- 
teresting- and  beloved,  the  application  of  the  volute  in  art  is  a  thing 
that  has  changed  and  will  continue  to  change.  It  is  with  this  changing 
use  of  the  volute  that  we  are  now  concerned. 
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III.     Early  Use  of  the  Volute 

5.  In  the  Arts. — Early  man  by  virtue  of  his  mental  limitations 
demanded  that  he  see  the  aetual  line  of  the  spiral  curve.  This  demand 
led  to  the  execution  of  the  primitive  spirals  found  in  many  parts  of 
the  world  and  dating  hack  to  the  Bronze  and  even  to  the  Stone  Age.* 
In  this  connection  it  is  interesting  to  note  that  the  earliest  spirals 
found  in  art  art1  entirely  ahstract  and  completely  divorced  from  their 
inspiration  in  nature.  In  later  times,  however,  there  are  found  cases 
where  the  single  spiral  and  even  running  spirals  form  the  motif  of 
much  decoration  but  in  which  the  line  of  the  spiral  is  largely 
hidden  and  obliterated  by  other  detail.  Even  paintings  have  been 
conceived  upon  the  volute  as  a  motif,  the  volute  itself  being  implied 
in  the  finished  work.  A  good  example  of  this  type  is  Burne-Jones' 
"Golden  Stair"  (Fig.  3). 

The  earliest  spirals  of  historic  ornament  appear  as  pure  geomet- 
ricalizations  of  nature,  although  some  personal  ornaments  from  the 
Bronze  Age  seem  to  be  of  technomorphic  origin,  and  to  have  originated 
in  the  form  of  small  coils  of  wire.  Many  examples  of  the  two  classes 
have  been  found  in  excavations,  principally  in  Scandinavia,  Ireland, 
Hungary,  North  Italy,  Greece,  and  Epypt. 

Most  of  these  early  spirals  with  the  exception  of  some  in  Ireland, 
Greece,  and  Egypt,  were  used  as  decoration  upon  useful  objects — arms, 
utensils,  amulets,  and  61)111*.  The  spirals  of  Ireland,  good  examples 
of  which  we  have  surviving  to  this  day,  were  cut  upon  stone  monu- 
ments of  one  sort  or  another.  Mr.  Rolleston,  in  speaking  of  the  spiral 
stone  decorations  at  New  Grange,  Ireland,  says:  "Except  for  the 
large  stone  with  spiral  carvings  and  one  other  at  the  entrance  of  the 
mound,  the  intention  of  these  sculptures  does  not  appear  to  have 
been  decorative  except  in  a  very  crude  and  primitive  sense,  .... 
The  designs  are,  as  it  were,  scribbled  upon  the  walls  anyhow  and 
anywhere.  Among  them  everywhere  the  spiral  is  prominent.  The 
triple  and  double  spirals  are  also  found,  as  well  as  lozenges  and 
zig-zags.  ,vf 

*  Avebury,  "Prehistoric  Times. "  pp.  19,  44.  Jfi.  e*e.  Ward,  "Historic  Ornament." 
Figs.  39,  40,  41,  47,  50,  55  and  57.  Munro,  "Palaeolithic  Man,"  Plates  LII,  XXXIX, 
LXVIII   and  LXX.     Reinach,   "Apollo,"   p.   13,   Fig.    12. 

t  Rolleston,    Op.    Cit.,    p.    70. 
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Fig.  3.     "The  Golden  Stair"'  op  Burne-Jones,  an  Analysis 
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Tig.  4.     Goldex  Disks  from  Mycenae  after  Schliemann 
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Fig.  5.     Assyrian  Animal  Spirals,  from  Various  Sources 


Lord  Avebury*  in  remarking'  on  the  differences  in  ornament  in 
the  Stone  and  Bronze  Ages  of  northern  Europe  shows  that  circles  and 
spirals  were  more  prevalent  in  the  Bronze  Age  than  in  the  Stone  Age. 
The  Egyptian  spirals  of  earliest  occurrence  were  carved  upon  amulets 
and  were  usually  geometrically  executed,  thus  showing  that  the  ab- 
stract curve  was  appreciated  and  loved  aside  from  its  association  with 
any  particular  natural  form.  In  the  early  Egyptian  amulets  the 
spiral  was  used  as  a  space-filling  motif  around  the  scarabeeus.f 

This  is  not  true,  however,  of  the  spirals  executed  in  a  period 
just  a  little  later  in  the  history  of  the  race.  The  introduction  of 
metals,  bronze,  gold,  or  silver,  made  possible  a  much  wider  artistic 
expression,  and  especially  was  this  true  in  the  case  of  Mycenas,  where 
have  been  found  such  golden  disks  as  are  shown  in  Fig.  4.  Here 
spirals  appear,  although  geometrical  in  spirit,  as  the  antennae  of 
butterflies  and  the  arms  of  octopi.  These  disks,  together  with  certain 
vase-;  found  at  Mycenae  and  in  Crete,  show  spiral  forms  midway 
between  the  very  abstract  spirals  of  early  peoples  and  the  more 
naturalistic  spirals  as  found  in  Egypt  and  especially  in  Assyria, 
where  antenna?,  animal  horns,  and  even  hair  have  been  given  a  spiral 
turn,  but  always  in  a  naturalistic  spirit!  and  never  in  a  geometric  as 
at  Mycena?  (Fig.  5). 

*  Aveburv,   Op.   Cit.,   pp.    19,    44,   46. 

t  Hamlin,    Op.    Cit.,    pp.    51,    53. 

t    See  Jastrow,   "Civilization  in  Assyria  and  Babylonia,"   Plates  31,  53,  etc. 
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Spirals  of  floral  origin  make  their  first  appearance  principally 
in  Egypt  and  Assyria.  Perhaps  the  earliest  of  this  type  is  the 
Egyptian  lotus  spiral.  The  priority,  even  here,  is  a  matter  of  great 
debate  among  archaeologists,  some  maintaining  that  Egypt  originated 
the  spiral  motif  and  passed  it  on  to  the  Tigris-Euphrates  civilization 
and  the  Cretans,  while  others  maintain  the  reverse  was  true  and  that 
the  spiral  came  from  Crete  into  Egypt.* 


6.  In  Architecture. — Bell,t  in  speaking  of  the  palace  of  Amen- 
hotep  IV,  situated  upon  the  right  hank  of  the  Nile  two  hundred  miles 
below  Thebes,  says:  "It  is  said  that  the  spiral  was  first  used  as  an 
architectural  ornament  in  this  building."  However  this  may  he, 
spirals  of  distinctly  floral  origin  are  to  he  found  as  wall  and  ceiling 
decorations  in  the  Theban  tombs  of  the  eighteenth  to  the  twentieth 
dynasties,!  the  use  of  spiral  ornament  becoming  well  authenticated 
and  much  used  from  that  time  on.  Nor  was  the  spiral  ornament  of 
the  lotus  type  confined  to  Egypt.     Many  examples  have  been  found 


Fig.  6.     Assyrian  Ivory  Carving,  from  the  British  Museum 


*  Baikiu    "Sea   Kings  of  Crete,"   p.   142. 

t  Bell,   "Architecture  in  Ancient   Egypt,"   p.   82. 

t  1600  to  1100  B.C.    (Berlin  dating),   1580  to  952  B.C.   (Petrie). 
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Fig.  7.     Assyrian  Ivory  Carving,  from  the  British  Museum 


in  early  Greek  cultural  centers,  especially  at  Mycenae,  in  the  Palace 
of  Tiryns,*  and  upon  the  ceiling  of  the  flat-roofed  chamber  of  the 
"beehive"  tomb  of  Orehomenosf  in  Boetia,  which  is  .a  well  known  case. 
Comparing  the  last  mentioned  Greek  lotus  spiral  witli  the  well 
known  Egyptian  examples  it  certainly  appears,  on  account  of  its 
less  skilful  handling  of  the  flower,  and  its  cruder  execution,  the  copy 
rather  than  the  original. 

Other  examples  of  floral  spirals  are  to  be  found  in  Babylonia 
and  Assyria.  Fig.  6  shows  an  Egyptian  king  holding  a  lotus  stalk. t 
This  small  ivory  carving  was  found  in  Assyria  and  goes  to  prove, 
among  other  things,  the  intimate  connection  between  Egypt  and 
Assyria  at  a  very  early  period.  The  interesting  thing,  however,  from 
the  present  view  point  is  the  voluted  leaf  at  the  base  of  the  stalk. 
Here  the  spirally  inclined  forms  are  leaves  and  not  the  flowers  them- 
selves. 

xVnother  floral  spiral  form  is  to  be  found  upon  another  small 
carved   ivory   block   from   the   same   case   in    the   British   Museumfl 

*  See  Diirm,   "Baukunst  der  Griechen,"   plate  op.,   p.  31. 

t  See  Guide  to  the  Babylonian  and  Assyrian  Antiquities,  British  Museum,  190S,  p.  22. 
t  See  Guide  to  the  Babylonian  and  Assyrian  Antiquities.  British  Museum,  1908,  p.  22. 
I    Table-case   P.    No.    87,    Nimrmid    Gallery.    British    Museum. 
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(Pig.  7).  Tt  represents  the  Assyrian  sacred  tree,  a  highly  convention- 
alized form.  The  curious  thing  about  these  volutes  is  that  they  more 
nearly  resemble  animal  horns  than  floral  forms  at  all.  Near  the 
top  of  this  fragment  are  shown  two  pairs  of  volutes  set  vertically 
against  the  central  trunk  and  bound  with  thongs.  These  volutes 
resemble  very  closely  in  form  and  position  the  volntes  used  later, 
in  Persian  limes,  upon  the  columns  of  the  Propyhca  at  Persepolis 
(Fig.  8).  in  Assyria  this  nse  of  coupled  volnted  forms  appears  to 
have  been  widespread,  examples  in  most  cases  having  the  curious  little 
point  at  the  division  of  the  volntes  noted  in  Fig.  !•.  In  this  connection 
it  will  be  noticed  that  in  all  the  Assyrian  volntes  the  spirals  spring 
vertically  from  the  stalk  or  stem,  and  always  appear  as  added  decora- 
tion, and  nol  as  in  any  way  related  to  structure.  Mention  has  already 
been  made  of  the  wave-motion  spirals,  and  spirals  of  this  origin  are 
often  encountered  in  Assyrian  ornament.  They  occur  usually  in 
conventional  representations  of  water,  the  general  body  of  water 
being  represented  by  parallel  chevrons  or  parallel  undulating  lines, 
with  here  and  there  a  spiral  wave.  In  these  Assyrian  examples  the 
spirals  are  isolated*  and  not  "running"  as  was  true  of  the  "Greek 
Wave"  of  a  later  period   (Fig.  10). 

These  varied  occurrences  of  the  spiral  in  early  art  around  the 
Mediterranean  are  introduced  to  prove  the  wide  distribution  of  this 
universally  loved  curve.  The  examples  present  methods  of  handling 
so  varied  in  the  different  countries  that  the  conclusion  must  be  drawn 
that  the  volute  was  developed,  even  if  it  did  not  originate,  inde- 
pendently in  many  widely  separated  cultural  centers.  In  the  cases 
so  far  considered  in  this  study  the  spiral  has  appeared  as  a  motif  of 
pure  decoration  used  either  as  a  beginning  or  as  an  ending  motif  in 
connection  with  other  forms,  animal  or  floral,  as  linear  ornament,  or 
as  all-over  decoration  upon  plane  surfaces ;  and  so  far  the  spiral  or 
spirally-inclined  curves  have  been  encountered  in  Egypt,  Assyria,  and 
the  ^Egean  Area,  the  three  early  centers  of  culture  as  far  as  classical 
civilization  is  concerned.  These  facts  indicate  that  the  spiral  form 
was  appreciated  in  all  these  countries  from  very  early  times.  It 
should  also  be  noticed  that  the  spiral  was  little  used  in  connection  with 
architecture  except  in  Egypt  and  the  iEgean  centers  of  the  Greek 
mainland,  and  even  there  it  appeared  as  applied  decoration,  sculp- 


*  See  Jastrow,  Op.  ('it.,  Plates  VII  and  LXIX.     Maspero,   "Ancient  Egypt  and  Assyria," 
pp.  256,  257  and  334. 
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Fig.  8.     Persian  Capital  with  Volutes,  from  Dieulafoy 
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Fig.  9.     Various  Assyrian  Spirals 

tural  or  painted,  rather  than  as  pure  architectural*  ornament.  Far 
less  use  was  made  of  the  spiral  in  the  Tigris-Euphrates  Basin  than 
in   Egypt  or  Greece,   and  there  almost  entirely  in   connection  with 


*  Pure  architectural   ornament   is   ornament   suggested  or   dictated    by   structure,    such   as 
bases,    capitals,    cornices,    modillions,    etc. 
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Fig.  10.    Wave  Motif,  Temple  of  Mars  Ultor,  Kome,  after  d'Espouy 


pictorial  representation  (Figs.  5,  6,  7,  and  9),  and  never  as  geometric 
decoration  or  architectural  ornament. 

Now  the  question  as  to  the  place  of  origin  and  subsequent  route 
of  the  spiral  naturally  arises  in  the  student's  mind.  Did  the  spiral 
originate  in  Egypt,  pass  into  Assyria  and  then  on  to  Asia  Minor 
and  the  Ionian  lands  and  Greece,  as  has  often  been  claimed,  or  did 
it  pass  with  the  Ionians  in  the  migration  from  Boetia  and  Attica  to 
Ionia  on  the  west  coast  of  Asia  Minor? 

At  first  the  settlement  of  this  question  would  seem  to  have  little 
bearing  upon  the  question  of  the  origin  of  the  Ionic  capital.  A 
spiral  would  seem  to  be  a  spiral  by  whatever  route  it  arrived.  But 
in  reality,  the  settlement  of  this  question  will  determine  whether  it 
will  be  necessary  to  consider  the  Ionic  capital  as  having  been  de- 
veloped from  the  decorative,  spirally-inclined,  floral  motive  of  Assyria 
into  the  structural  motif  of  Ionia,  or  whether  it  will  be  possible  to 
see  in  this  form  the  indication  of  a  lost  structural  prototype.  If  it 
came  from  Assyria,  decoration  preceded  structure,*  and  the  perpetu- 
ation of  a  decorative  form  occasioned  the  introduction  of  a  structural 
entity;  if  it  came  from  Greece,  it  may  be  possible  to  account  for  the 
structural  origin  of  the  capital  first,  and  then  its  decoration  as  a 
logical  elaboration  of  that  structure. 

The  question  as  to  whether  the  spiral  came  from  Egypt  into 
early  Greece,  i.e.,  Crete,  Boetia,  and  Mycenae,  need  not  be  considered 
here.  It  is  not  vital  to  the  discussion  whether  this  or  the  reverse! 
was  true.     In  early  Greek  art  is  to  be  found,  in  both  the  hand-crafts 


*  This  is  the  explanation  of  the  origin  held  by  all  adherents  of  the  decoration   theory. 
t    As  Hall    (H.   R.)    and  Evans  contend. 
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and  architecture,  the  geometrical  spiral  as  contrasted  with  the  spirally- 
inclined  decorative  forms  of  Assyria.  The  question  stands :  Did  the 
spiral  go  to  Ionia  by  way  of  Greece  or  by  way  of  Assyria?* 

The  Eonians,  in  the  time  of  Herodotus,  claimed  to  have  inhabited 
twelve  cities  in  the  northern  Peloponnese  and  to  have  been  driven 
from  Ihese  cities  into  Attica  by  the  Aclueans,  who  were  in  turn  driven 
out  by  the  on-coming'  Dorians.t  From  Attica  they  were  led  by  the 
son  of  King  Codrus  of  Athens  to  the  Asiatic  coast,  where  they  settled 
at  Miletus.  Lang,t  in  summing  up  the  movements  of  these  people, 
says:  "It  thus  appears  that  the  people  later  called,  in  Asia,  'Ionians, ' 
had  been  dwellers  on  the  coasts  of  Boetia  and  Attica  as  well  as  in  the 
northern  Peloponnese."  The  composition  of  the  people  known  as 
Ionians  of  Asia  Minor  is  not  plain.  Herodotus  describes  them  as  a 
"mixed  multitude"  and  includes  among  them  Phocians,  Arcadians, 
Cretans,  and  others.fi  The  name,§  no  doubt,  was  applied  after  the 
arrival  of  the  emigrants  in  Asia. 

The  time  of  the  Ionic  migration  is  as  yet  not  definitely  settled, 
but  late  research  places  it  after  the  Dorian  invasion,  and  thus 
after  the  yEgean  period  of  Greek  history.  "Without  assuming  any 
definite  date,  we  may  say,"  says  Sir  Edward  H.  Bunbury,  "that 
recent  research  has  tended  to  support  the  popular  Greek  idea  that  Ionia 
received  its  main  Greek  element  rather  late,  and  therefore  after  any 
part  of  the  yEgean  period."**  These  conclusions  are  based  upon 
archaeological  finds,  and  archaeology  is  now  depended  upon  to  solve 
the  Ionic  question. tt  In  the  absence  of  architectural  remains  of  the 
earliest  Ionic  period  that  would  prove,  beyond  a  doubt,  the  origin  of 
the  Ionic  order,  other  archaeological  evidence  must  obviously  be 
considered. 

Due  to  the  excavations  of  Schliemann,  Evans,  and  others,  some 
idea  of  the  culture  that  flourished  before  the  departure  of  the  Ionians 
for  Asia  Minor  is  possible.     The  resemblance  between  the  structures 


*  A  mass  of  evidence,  not  to  be  overlooked,  is  encountered  in  the  finds  upon  the  Danube 
and  Po  Rivers,  in  Scandinavia  and  in  Ireland.  Why  is  Assyrian  influence  not  found  in 
these    spirals  ? 

t  Lang,   "World  of  Homer,"  p.  140. 
t  Ibid,    p.    142. 

H   Leaf,   "Homer  and  History."  pp.  66,   296-2D7. 
§   After   their   fabled    leader,    Ion. 
**  Bunbury,   "Ionia,"  in  Encyclopaedia  Britannica,   11th   Edition. 
tt  Hogarth,    "Ionia   and  the  East,"   p.    12. 
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of  Sparta,*  in  the  Peloponnese,  and  one  found  at  Neandria,t  in  the 
Troad,  lias  been  remarked  by  other  writers.  The  votive  objects  found 
at  Sparta  include  pottery  in  the  "geometric  post-iEgean  style," 
together  with  ivory-covered  fibulas  bearing  many  iEgean  motifs, 
among  which  is  the  "double-coil,"  also  characteristic  of  the  Po  and 
Danube  Valleys. t  The  objects  found  upon  the  site  of  the  Ionic  Temple 
of  Artemis  at  Ephesus  (700  B.C.  ?),  as  a  result  of  the  excavations 
of  Mr.  Hogarth,  serve  to  show  the  intimate  relationship  of  early 
Ionic  art  of  Asia  to  that  of  the  Greek  mainland.  Here  Mr.  Hogarth 
found  thousands  of  votive  offerings  in  gold,  bone,  ivory,  paste,  and 
crystal,  ornamented  with  well  accepted  iEgean  motifs,  such  as  the 
"spectacles,"  a  kind  of  double  spiral,  the  "bouble  axe"  spirals, 
two  animals  opposed  in  heraldic  fashion,  ff  These  finds  §  which  he 
dates  from  about  700  B.C.,  or  about  two  hundred  years  after  the 
traditional  migration,  bore  a  closer  resemblance  to  pure  iEgean  work 
than  did  the  contemporaneous  work  in  Greece.  This  fact  will  not 
seem  strange,  perhaps,  when  the  mixture  of  blood  taking  place  upon 
the  mainland  due  to  the  immigration  of  northern  elements  is  con- 
sidered. 

Attention  is  called  to  this  same  resemblance  between  the  Ionic 
minor  arts  and  those  of  the  Mycenaean  centers  by  Fowler  and  Wheeler,** 
who  say :  "In  general  it  may  be  said  that  in  the  development  of  early 
Ionic  ceramic  art  there  are  found  more  reminiscences  of  Mycenaean 
art  than  appear  in  the  early  styles  of  Greece  proper,  and  this  fact  is 
rightly  deemed  of  high  importance,  since  the  direct  relation  of 
Mycenaean  art  with  that  of  Greece  is  as  yet  insufficiently  established. 
.  .  .  Motives  taken  from  plant  life  are  characteristic  and  point 
very  likely  to  a  Mycenaean  survival."  Mr.  J.  H.  Hopkinsontt  recog- 
nizes the  "Sub-Mykenean"  character  of  the  ware  of  the  Ionic  Islands. 

Professor  John  L.  Myres|$  of  Oxford,  in  speaking  of  Ionic  culture, 
says:     "Ionic  culture  and  art,  though  little  known  in  their  earlier 


*  The    Spartan    finds   were    made    within    the   precinct   of   Artemis    Orthia    at    Sparta    by 
the  members  of  the   British   School  of   Athens.      It   is  described  as   "the  remnants  of   a  temple 
in    crude    brick    with    wooden    framework." 
t  Lang,     Op.    Cit„     p.    145. 
%  Munro,  Op.  Cit.,  pp.  385,  415,  467. 
H  As  upon  the  Gate  of  the   Lions  at  Mycenae. 

§  There   is   no   doubt   now  that  these   were   executed   in   the   temple,    as   goldsmith's   refuse 
has   also   been    discovered   there. 

**  Fowler  and  Wheeler,    "Greek  Archaeology,"   p.  455. 

ft   Hopkinson,    Journal   of   Hellenic    Studies.    XXII,    p.    47. 

XX  Myres,    "Ionians,"    in    Encyclopaedia    Britannica.    11th    Edition, 
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phases,  derive  their  inspiration  on  one  side  from  those  of  the  old 
^Egean  (Minoan)  civilization,  on  the  other  from  the  oriental  (mainly 
Assyrian)  models  which  penetrated  through  the  Hittite  civilization 
of  Asia  Minor.*  Egyptian  influence  is  almost  absent  until  the  time 
of  Psammetichus,  but  then  becomes  predominant  for  a  time."  Thus 
it  will  be  seen  that  the  culture  carried  into  Asia  Minor  was  iEgean 
and  that  there  is  a  question  as  to  the  extent  of  the  so-called  Hittite 
intlnence  upon  the  Ionian  Greeks,  who  occupied  a  situation  very  near 
to  Greece  proper  but  considerably  removed  from  the  center  of  Hittite 
power.  Here  again  must  be  recalled  the  wide  difference  between  the 
spirals  of  Greece  proper  and  those  of  Assyria. 

The  great  number  of  true  geometric  spiral  ornamentsf  occurring 
upon  the  Greek  mainland  during  the  iEgean  period,  as  well  as  the 
general  use  of  spirals  of  single  and  double  roll  in  the  valleys  of  the 
Danube  and  Po;  must  indicate  something  of  the  derivation,  or  at 
leasl  the  early  distribution  of  this  form,  so  far  as  the  north  side 
of  the  Mediterranean  is  concerned.  The  wide  prevalence  of  this  form 
is  one  of  the  striking  archaeological  facts  in  connection  with  the  arts 
of  primitive  peoples  from  Greece  to  Ireland.  Upon  the  other  hand  the 
spiral  ornaments  of  Assyria,  Persia,  and  the  Tigris-Euphrates  Basin 
in  general,  are  not  pure  geometrical  spirals,  such  as  we  have  in  Ireland, 
the  Danube  Valley,  or  at  Mycenae  and  Knossos,  but  are  spirally- 
inclined  curves  used  in  connection  with  other  forms  principally 
animal  and  vegetable.  Had  the  use  of  the  spiral  among  the  Assyrians 
been  anything  like  as  widespread  as  among  the  Greeks,  the  excavations 
would  surely  have  yielded  some  examples  before  now.  Moreover,  the 
absence  of  any  spiral  architectural  ornament  such  as  has  been  found 
in  Greece  from  the  earliest  of  times,  certainly  argues  against  the 
possibility  of  the  volute  having  come  from  the  East.  The  origin  of 
the  Ionic  spirally-decorated  capital  must  be  sought  not  in  Assyria 
but  in  Greece,  or  at  least  among  Grecian  peoples ;  and  furthermore, 
too  much  emphasis  should  not  be  placed  upon  spirals  which,  from  all 
appearances,  are  after  all  only  decoration  for  a  form  that  called  for 
such  decoration,  and  not  the  inspiration  of  that  form  in  the  first 
place.     One  must  look  further  and  beyond  this  decorative  feature  for 


*  Hogarth,  under  "Hittites,"  Encyclopaedia  Britannica,  says:  "The  Greeks  came  too 
late  in  Asia  Minor  to  have  any  contact  with  Hittite  power,  obscured  from  their  view  by  the 
intermediate   and   secondary   state   of  Phrygia." 

See  Spiral  Fibula,    'The  Argive  Herseum,"   Vol.  II.   Plate  85. 
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the  origin  of  the  form.  The  shape,  the  configuration  of  parts,  had  to 
exist  structurally  before  it  could  be  decorated  at  all. 

An  intensive  study  of  architectural  evolution  has  led  to  the 
conviction  that  what  is  at  one  time  structure  becomes,  in  a  succeeding 
age,  decoration.  There  are  many  examples  to  prove  this  law  in 
architectural  evolution  and  in  other  evolutionary  processes  as  well. 
In  biology  there  is  the  case  of  organs  that  persist  long  after  their  func- 
tion has  ceased.  In  art  the  mind  demands,  after  long  association,  the 
perpetuation  of  forms  that  have  ceased  to  have  a  significance,  and 
these  elements  persist  always  as  ornament  upon  succeeding  structural 
forms.  If  the  old*  theory  of  the  origin  of  the  Ionic  order  be  true,  and 
the  structural  volute  of  the  Ionic  capital  be  derived  from  the  decorative 
Assyrian  floral  volutes,  it  is  the  only  example  of  a  reversal  of  the 
foregoing  law  with  which  the  writer  is  acquainted.  The  old  theory 
stands  at  variance  with  all  the  ages  of  architectural  experience,  and 
this  fact  in  itself  serves  to  make  the  theory  questionable. 

Semper, t  a  German  architect-critic,  appears  to  have  been  among 
the  earlier  devotees  of  the  Assyrian  palmette  theory,  in  which  he 
derives  the  Ionic  capital  from  the  Assyrian  palmette  by  a  "process 
of  gradual  suppression  of  the  leafy  part  and  an  increase  of  the  scroll.-' 
Dr.  Clarke J  further  elaborates  and  supports  the  theory  of  Semper. 
Goodyear  sees  no  reason  for  seeking  an  Assyrian  origin  when  evidence 
of  direct  lineage  from  the  Egyptian  lotus  is  so  apparent.  Marquandfl 
seems  to  agree  as  to  this  origin  of  the  motif,  when  he  says:  "This 
type  of  decoration  seems  to  have  been  derived  from  a  floral  proto- 
type, possibly  that  of  the  Egyptian  lotus."  It  will  be  noted  that 
in  each  of  these  cases  the  decoration  and  not  the  form  itself  seems  to 
have  received  the  major  consideration. 

This  purely  decorative  origin  of  the  voluted  capital  has,  however. 
been  questioned  by  others.  The  contentions  of  Hittorff  and  Viollet- 
le-Duc,  French  authorities,  have  been  well  summed  up  by  Professor 
Dunn    in    his    "Baukunst    der    Griechen,"    when    he    savs :     "Diese 


*  See  Goodyear,    Op.   Cit.,   pp.    115-137. 
Hittorff  and  Zanth,   "Architecture  antique  de  la   Sicile,"  p.  335,   Note  1    (Atlas,   Plates 
80-82). 

Fletcher  and  Fletcher,    "History   of  Architecture,"    p.   77. 
Perrot   and   Chipiez,   VII,    Plates   52    and   53. 
t  Semper,   "Der  Stil  in  den  technischen   mid  tektonischen  Kiinsten." 

X  A    Proto-Ionie    Capital    from    the   Site   of    Neandria,    American    Journal    of   Archaeology, 
Vol.    II,    p.    1.    1886. 

U  Marquand,   "Greek  Architecture,"   p.  195. 
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Umstande  haben  wohl  Hittorff  und  Viollet-le-Duc  schon  vor  langer 
Zeit  bei  ihren  Erklarungen  des  jonischen  Kapiells  veranlasst,  das 
geschnitzte  oder  geschnitzte  und  bemalte  Sattelholz  als  Ursprungs- 
motiv  anzunehmen.  Seine  Form  in  Stein  ubertragen — unter  Beriick- 
sichtigung  der  Materialeigen  thiimlichkeiten,  also  unter  Vermeidung 
der  zu  grossen  seitlichen  Ausladungen — wird  zum  jonischen  Saiilen- 
Kapitell,  besonders  wenn  dem  Stammende  noch  eine  entsprechende 
Bekronung  zugefugt  wird.''* 

Here  there  is  at  least  an  attempt,  and  a  very  plausible  attempt, 
to  explain  upon  structural  grounds  the  origin  of  the  capital.  One 
would  scarcely  question  the  opinion  of  such  distinguished  authorities 
upon  a  problem  of  this  sort.  They  were  convinced,  evidently,  of  some 
sort  of  structural  origin  for  the  capital.  A  similar  conviction  has  led 
to  a  search  for  a  more  conclusive  theory  than  that  set  forth  by  either 
Hittorff  or  Viollet-le-Duc.  f 

The  wooden  bolster-cap  theory  has  appeared  logical  and  in 
accordance  with  the  early  examples,  but,  upon  the  other  hand,  not 
quite  the  whole  story.  Why  should  the  spiral,  even  though  it  was, 
as  has  already  been  shown,  very  much  loved  and  universally  used  in 
(let-oration,  have  suggested  itself  as  a  capital  decoration,  especially 
when  its  carving  upon  the  wooden  bolster-cap  meant  the  carving  of 
the  spiral  across  the  grain  ?  The  longitudinal  dimension  of  the  volute 
cylinder  would  naturally  be  expected  to  run  with  the  grain.  These 
considerations  have  led  to  a  search  for  a  further  explanation;  and  in 
this  connection  some  preliminary  assumptions  have  been  made.  In  the 
first  place,  the  fact  that  the  Ionic  capital  presents  two  very  different 
aspects  depending  upon  whether  one  views  the  capital  front-on  or 
from  the  side,  leads  to  the  assumption  that  originally  the  form  was 
placed  so  as  to  be  seen  from  front  or  back  and  not  from  the  side ;  this 
assumption  accords  with  its  use  in  many  places  in  Asia  Minor, 
especially  upon  such  rock-cut  tombs  as  those  of  Amyntas,  and  others 
in  Lycia ;%  secondly,  the  volute  cylinders  standing  normal  to  the 
plane  of  the  facade,  as  they  do,  must  be,  since  they  indicate  structure, 
the  descendants  of  a  former  structural  form  now  obsolete  by  virtue 
of  a  change  of  materials ;  thirdly,  the  attenuated  proportions  of  the 
Ionic  shaft  point  to  a  wooden  origin,  which  has  been  assumed ;  and 
lastly,  the  omission  of  the  frieze  upon  many  of  the  early  buildings 

*  Durm,  "Baukunst  der  Griechen,"  p.  246. 
t  Viollet-le-Duc,    "Entretiens    sur   l'architeflture,"    Lecture    II. 
J  See   Sturgis  and  Frothingham,    "History  of  Architecture,"   Figs.    147,    148,    153,   etc. 
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Fig.  11.     Early  Development  of  the  Ionic  Order,  A  Conjectural  Study 
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in  Asia  Minor,  and  the  enormous  size  of  the  dentils,  are  circumstances 
which  necessitate  a  further  investigation  for  a  possible  wooden  origin, 
and  an  explanation  that  takes  into  account  the  structural  significance 
of  the  capital,  making  it  an  integral  part  of  the  structure. 

In  any  wooden  restoration  the  architrave,  obviously,  becomes  a 
row  of  beams  spanning  the  distances  between  columns.  These  beams 
are  indicated  by  A  in  Fig.  11a.  A  study  of  the  Asia  Minor  tombs 
seems  to  indicate  that  the  dentils  were  originally  beams,  or  at  least 
wooden  members,  running  normal  to  the  direction  of  the  architrave. 
This  structural  significance  of  the  dentils  has  long  been  held  by  many 
authorities  and  universally  appreciated.  These  are  restored  as  wooden 
beams  at  B,  Fig.  11a.  A  study  of  the  plan  of  t  he  typical  peristyle 
ceiling,  seen  from  below,  shows  beams  running  back  from  the  columns 
normal  to  the  architrave  (Fig.  12).  This  would  indicate  that,  in 
primitive  times,  there  must  have  been  a  member  at  least  as  important 
as  the  architrave  spanning  the  distance  between  the  columns  and  the 
wall.  In  Fig.  12  it  will  be  noted  that  this  beam  is  much  heavier  than 
similar  beams  running  perpendicular  to  it  due  to  the  fact  that  these 
smaller  beams  are  borne  upon  it.  In  making  the  restoration  shown 
in  Fig.  116,  following  the  structural  logic  of  primitive  peoples,  who 
often  double  or  triple  structural  units  in  order  to  produce  greater 
strength,  two  beams  have  been  substituted  for  each  of  the  heavier 
ones  shown  in  Fig.  12  and  one  beam  for  each  of  the  smaller  ones. 
Since,  unquestionably,  the  earlier  Ionic  temples  were  distyle  in  antis 
on  plan,  there  was  no  peristyle,  and  the  row  of  columns  upon  the 
Hank,  shown  in  Fig.  12,  became  a  wall.  (See  Fig.  lib.)  The  double 
beams  C  and  D  suggest,  at  their  ends,  the  cylinders  of  the  Ionic 
capital. 
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Fig.  12.    Ceiling  Plan,  Peripteros,  Mausoleum  of  Halicarnassos,  from  Reber 
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But  whence  the  volutes?  It  has  long  been  noticed  that,  in  prim- 
itive art,  spirals  and  concentric  circles  have  been  used  concurrently. 
This  was  true  at  Mycenas,  in  Crete,  and  no  doubt  in  Asia  Minor.  This 
tendency  has  been  remarked  by  Haddon*  and  Dr.  Montelius,  both 
of  whom  noticed  that  series  of  circles,  when  joined  with  recurved  lines, 
as  is  often  the  case  upon  the  gold  disks  of  Mycenae  and  upon  similar 
objects  found  in  Central  Europe,  Scandinavia,  and  Ireland,  have 
the  appearance  of  spirals  unless  very  closely  observed.  Indeed,  this 
illusion  is  so  prevalent  that  Dr.  Montelius  has  called  the  form  a 
"bastard  spiral."  Both  these  writers  consider  the  concentric  circles 
as  degenerate  spirals,  but  their  arguments  are  applied  to  the  use  of 
spirals  among  primitive  peoples.  Now  among  very  primitive  peoples 
the  truth  of  the  argument  may  perhaps  be  granted,  but  it  is  scarcely 
permissible  in  the  case  of  the  Ionic  Greek  artist.  The  tendency  of 
the  artist  in  the  ascendant  period  of  Greek  art  was  to  seek  refinement, 
rather  than  to  reduce  any  of  his  art  to  rule  of  thumb  or  easy  mechani- 
cal equivalent,  a  procedure  which  cheapened  Roman  work.  With  the 
log  ends  in  use,  the  next  natural  consideration  would  be  their  decora- 
tion, and  the  concentric  annular  rings  of  the  log  suggested  a  set  of 
concentric  circles  as  ornament.  This  ornament  was  at  first  no  doubt 
painted  on  and,  indeed,  the  practice  of  painting  these  concentric 
circles  upon  the  capital  may  have  been  continued  long  after  the 
form  suggested  by  the  log  ends  had  become  the  "bolster  capital" 
of  Hittorff  and  Viollet-le-Duc  (Fig.  lie).  Since  it  would  have  been 
difficult  for  these  early  people  to  carve  wood  across  grain,  especially 
if  the  pattern  were  that  of  concentric  circles  or  spirals,  it  is  reason- 
able to  believe  that  the  sculptural  delineation  of  the  ornament  upon 
the  capital  may  not  have  been  practiced  until  after  the  translation 
of  the  capital  into  stone  (Fig.  lid). 

How  long  it  took  the  concentric  circles  to  become  many-whorled 
tangent  elementary  spirals  would  be  difficult  to  say,  but  probably 
the  concentric  circles  persisted  until  after  the  log  ends  had  given 
way  to  the  "bolster  capital"  and,  indeed,  may  have  persisted  down  to 
the  adoption  of  stone,  but  so  far  no  capitals,  however  early,  have  been 
turned  up  that  carry  the  concentric  circles.  On  the  other  hand 
the  earliest  known  capitals  present  primitive  tangent  many-whorled 
spirals,  the  sculpturing  of  which  is  so  flat  that  the  spirals  seem  scarcely 


Haddon,  Op.   Cit.,  p.  93. 
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Fig.  13.     Ionic  Capital  from  Delos,  from  Perrot  and  Chipiez 
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Fig.  14.    Archaic  Capitals  from  Athens,  after  Durm 


more  than  shallow  scratches  upon  the  surface  of  the  block.  Indeed, 
so  primitive  are  the  Athens  capitals  (Fig.  14)  that  they  appear 
almost  as  stone  translations  of  the  log  ends,  which  persist  now  only 
as  ornament,  the  beam  itself  having  been  raised  to  the  level  of  the 
architrave  and  not  indicated  upon  the  elevation  at  all.    These  archaic 
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capitals  from  Athens  are  the  most  primitive  Ionic  capitals  yet  brought 
to  light ;  and  this  fact  has  led  some  authorities  to  hold  that  the  Ionic 
capital  was  developed  in  Greece  proper.  In  these  examples  there 
has  been  no  attempt  to  connect  the  volutes.  There  is  on  the  more  primi- 
tive of  the  two  examples  shown  (Fig.  146)  no  intermediate  "palmette" 
as  upon  that  shown  in  Fig.  14a  and  upon  later  capitals,  and  the 
projection  is  not  great ;  Fig.  14a  shows  a  tendency  toward  the  linear 
type  which  has  been  called,  for  the  sake  of  clearness,  the  "bolster" 
Ionic. 

Obviously,  the  translation  of  this  wooden  structure  into  stone 
occasioned  considerable  modification,  and  it  would  seem  in  the  light 
of  some  of  these  early  Ionic  capitals  that  some  modification  had 
already  taken  place  before  this  change  from  wood  to  stone.  The  inter- 
mediate form  between  the  conjectural  wooden  type  shown  in  Fig.  11a 
and  such  capitals  as  those  from  Delos  (Fig.  13)  must  have  been  a 
type  very  similar  to  the  "bolster"  capital  of  Hittorff  or  Viollet-le- 
Duc.  In  the  Delos  capitals  the  wide  separation  of  the  volutes  and 
the  general  linear  tendency  points  to  a  "bolster"  cap  prototype. 
Marquand*  has  pointed  out  this  tendency  in  early  Ionic  capitals  when 
he  says :  ' '  The  essential  rectangularity  of  the  Ionic  capital  is  most 
evident  in  an  archaic  example  from  Delos,  in  which  a  single  rectan- 
gular block  has  been  but  slightly  modified  in  form. ' '  This  rectangular- 
ity of  some  of  the  early  capitals  accounts,  no  doubt,  for  the  bolster- 
block  theory  of  the  French  authorities. 

In  these  primitive  types  the  echinus  is  omitted  and  thus  it  would 
seem  to  have  been  a  later  refinement.  Its  introduction  dates,  doubt- 
less, from  some  time  after  the  change  in  materials  from  wood  to  stone, 
and  it  may  be  only  the  echinus  of  the  Doric  capital  used  as  a  support 
for  the  voluted  "bolster-block,"  the  volutes  of  which  naturally  had 
to  be  separated  in  order  to  make  a  nice  union  with  the  echinus. 

Such  capitals  as  those  found  at  Neandria  in  the  Troad  (Fig.  15), 
and  Messa  in  the  Island  of  Lesbos  (Fig.  16),  appear  as  elaborate 
attempts  to  make  the  early  spiral  capital  born  of  structure  a  decorative 
form.  Even  here  the  spirals  appear  distinctly  iEgean  in  character 
rather  than  Assyrian,  being  spirals  of  several  turns,  while  most  of  the 
Assyrian  volutes  are  only  spirally-inclined  forms.  In  these  cases 
some  oriental  influence  may  be  granted,  but  this  would  not  nullify 
the  arguments  in  favor  of  a  structural  origin.     Oriental  forms  are 


*  Marquand,    Op.   Cit.,    p.   92. 
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chiefly  decorative  and  rarely  simply  structural,  and  Ionic  artists  may 
have  welcomed  some  suggestion  to  make  the  new  structural  form 
decoratively  agreeable.  On  the  whole,  however,  it  seems  that  the 
Assyrian  influence  upon  ionic  peoples  has  been  tremendously  exag- 
gerated. No  Assyrian  voluted  capitals  are  known,  unless  the  very 
crude  spirally-inclined  capitals  copied  from  Assyrian  wall  paintings 
(Fig.  9)   should  lie  called  voluted  capitals. 


Fig.   15.     Ionic  Capital  from  Neandkia,  after  D'urm 


Fig.  16.     Ionic  Capital  from  Messa,  after  Durm 


It  is  strange  that  these  forms  should  appear  in  wall  paintings 
and  yet  not  be  realized  in  excavation,  and  thus  appear  in  the  guise 
of  fanciful  conventions  of  the  artists  rather  than  as  living  forms  of 
architecture.  It  is  probable  also  that  had  the  voluted  capital  been 
known  and  used  by  the  Assyrians  it  would  have  been  perpetuated 
by  their  successors  the  Persians.  The  only  Persian  capital  with  volute 
decoration  is  that  found  upon  the  Propyla?a  at  Persepolis   (Fig.  8). 
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Here  the  volutes  are  used  in  the  truly  oriental  decorative  manner, 
a  spiral  decoration  against  a  vertical  member,  a  method  noted  in  Fig. 
7.  Its  late  date,  480  B.C.,  would  exclude  this  example  from  any  con- 
sideration in  studying  the  origin  of  the  Ionic  capital. 

The  earliest  well  authenticated  example  of  the  Ionic  voluted  capital 
is  that  from  the  Archaic  Temple  of  Diana  (Artemis)  at  Ephesus, 
which  dates  from  550  B.C.,  and  is  now  preserved  in  the  British 
Museum  (Fig.  17).    It  is  certain  that  the  archaic  capitals  from  Athens 
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Fig.  17.     Ionic  Capital  from  the  Archaic  Temple  of  Diana,  Ephesus, 
from  Anderson  and  Spiers 


(Fig.  14),  Neandria*    (Fig.  15),  the  Naxian  votive  column  capital 
(Fig.  18),  and  the  capital  from  Naukratisf    (Fig.  19),  appear  older 

*  Koldewey  holds  that  the  Neandrian  capitals  are  not  proto-Ionic  but  a  new  type  which 
he  calls  "iEolic."  This  capital  with  its  vertically  springing  spirals  is  certainly  more  remi- 
niscent of  the  Assyrian  wall-painting  spirals  than  any  so  far  discovered.  Yet  even  here 
nia \  be  seen,  after  all,  an  attempt  actually  to  carve  in  stone  the  spiral  ornament  painted 
upon   the  block   capitals  of  Athens. 

t  Naukratis  was  a  center  of  cultural  activity  during  the  Ptolemaic  Period,  and  just 
previous  to  the  founding  of  Alexandria  was  the  chief  trade  center  of  lower  Egypt.  It  was 
given  as  a  trading  place  to  the  Greek  traders  by  Psammetichus  I  and  due  to  the  supremacy 
of  the  Greeks  temples  were  built  there  to  Greek  gods.  The  capital  referred  to,  the  volutes 
of  which  are  missing,  is  said  to  have  come  from  a  temple  of  Apollo.  See  King  and  Hall, 
"History  of  Egypt,"   p.  436. 
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than  the  Ephesian  capital,  principally  upon  account  of  their  naive 
archaic  composition,  but  just  how  much  older  is  a  question.  Ander- 
son and  Spiers*  consider  the  Naukratis  capital,  an  example  discovered 
by  Professor  Flinders  Petrie,  and  dated  by  him  at  about  650  B.C., 
the  oldest  capital  of  this  variety  known ;  but  it  must  be  admitted  that 
the  votive  column  of  the  Naxians  at  Delphi  has  claims  to  a  greater 
aget  than  the  Naukratis  capital.  Especially  will  this  be  noted  in  the 
insufficient  attempt  in  the  Naxian  column  to  stop  the  flutes  under  the 


Fig.  18.    Naxian  Votive  Column  Capital,  Delphi,  after  Anderson  and  Spiers 


Fig.  19.     Capital  from  Naukratis,  Egypt,  from  Anderson  and  Spiers 

embryo   echinus,   a  thing   which   is  adequately   accomplished   in   the 
Naukratis  capital. 

It  is  a  failing  of  historians  and  archaeologists  to  place  anything 
found  upon  Egyptian  soil  in  the  list  of  Egyptian  antiquities  and  to 
attribute  to  all  Egyptian  finds  a  great  age.  The  Naukratis  capital  is 
clearly  an  Egyptian!  interpretation  of  a  Greek  form  entirely  out  of 
keeping  with  Egyptian  thought,  even  of  the  Ptolemaic  Period,  but 
no  doubt  done  upon  Egyptian  soil  by  Greek  artists. 

*  Anderson   and   Spiers,    "Architecture  of  Greece   and   Rome,"   p.   56. 

t  Upon    the   basis   of    internal    evidence. 

%  Egyptian,   in   the   sense  that  it   was  discovered  upon   Egyptian   soil. 
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The  difference  between  the  Archaic  examples  from  Athens  and  the 
Naxian  capital  is  even  more  pronounced  than  the  difference  between 
the  Naxian  and  the  Naukratis  types,  and,  from  internal  evidence, 
these  capitals  represent  the  most  archaic  Ionic  type.  In  view  of  these 
finds  at  Athens  it  may  be  necessary  to  admit  eventually  that  the 
earliest  voluted  capitals  were  developed  in  Greece,  and  carried 
into  Ionia,  where  they  were  elaborated  and  modified  decoratively  by 
virtue  of  oriental  association.  The  internal  evidence*  of  course  is 
not  conclusive  and  the  matter  must  be  left  thus  until  further  finds 
of  archaic  types  are  reported.  All  the  evidence  so  far  presented, 
however,  indicates  that  the  Ionic  voluted  capital  is  not  the  product 
of  Assyrian  decoration  but  the  development  of  a  Grecian,  or  perhaps 
an  iEgean,  structure.  Its  birthplace  was  in  the  west  of  that  day, 
not  in  the  east    (Tigris-Euphrates   Basin). 


The  internal  evidence  may  indicate  either  of  two  things: 

(a)  a  more  primitive  type  of  development,    or 

(b)  a  retrogression  from  an  advanced  type,  due  to  a  barbaric  handling. 
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IV.     The  Volute  as  a  Feature  of  the  Classic  Orders 

7.  The  Ionic  Development . —  In  the  appendix  is  given  a  chrono- 
logical arrangement  of  the  various  historic  specimens  of  the  Ionic 
voluted  capital,  but  before  discussing  the  voluted  forms  subsequent 
to  the  capital  from  the  Archaic  Temple  of  Diana  at  Ephesus,  some 
summary  should  perhaps  be  made  of  the  handling  of  the  volute  as  a 
feature  of  the  Ionic  capital  up  to  that  time. 

Upon  the  archaic  examples  from  Athens  (Fig.  14h),  no  attempt  is 
made  to  connect  the  spiral  ornaments  of  the  block.  In  Fig.  14a 
there  is  apparent  an  attempt,  naive  as  it  is,  to  join  the  two  spirals 
in  some  kind  of  a  composition.  Here  perhaps  is  found  a  reference 
to  a  floral  inspiration,  a  thing  very  natural  when  the  general  use  of 
spirals  that  had  been  made  in  Greece  up  to  this  time  is  remembered. 
In  each  of  these  examples  the  spirals  spring  vertically  from  the  shaft, 
perhaps  in  obedience  to  the  principle  that  transition  from  a  vertical 
to  a  horizontal  should  be  emphasized.  In  the  case  of  Fig.  14b,  how- 
ever, the  ornament  does  not  suggest  a  floral  derivation,  and  the 
spirals  are  so  close  together  as  to  indicate  that  the  ornament  was 
meant  to  be  abstract  and  not  suggestive  of  any  particular  form. 

In  the  Neandrian  capital,  which  has  been  heralded  as  a  distinct 
type  by  Koldewey,  the  spirals  still  spring  vertically,  and  there  is 
some  attempt  to  till  the  triangular  space  with  floral  ornament.  This 
capital  betrays  most  clearly  its  inspiration,  and  appears  as  an  ultra- 
decorative  version  of  the  voluted  form,  rather  than  as  following  the 
line  of  development  that  culminates  in  the  Ephesian  capital. 

In  the  case  of  the  capital  from  Delos  (Fig.  13)  there  is  more  of 
an  attempt  to  unite  the  volutes,  which  here  spring  horizontally;  but 
even  here  they  still  are  separated  by  a  small  floral  form.  The 
echinus  which  later  forms  an  important  part  of  the  Ionic  capital, 
here  becomes  prominent,  and,  although  the  projection  of  the  volute 
is  still  very  great,  and  the  unfluted  shaft  makes  a  poor  junction  with 
the  echinus,  unmistakable  signs  of  development  are  apparent. 

With  the  Ephesian  capital  there  comes  a  complete  union  of  the 
volutes,  although  the  great  projection  sidewise  is  still  a  feature.     In 
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this  example  also  is  found  for  the  first  time  the  cushion  used  upon  the 
horizontal  portion  of  the  volutes,  a  feature  which  gives  the  Greek 
Ionic  examples  much  of  their  grace  and  lightness,  and  a  feature 
which  was  discarded  later,  due  most  likely  to  the  increasing  im- 
portance of  the  echinus,  much  to  the  detriment  of  the  form. 

From  the  Archaic  Temple  of  Diana  at  Ephesus  it  is  possible 
to  trace  the  development  of  the  Ionic  capital  to  its  perfection  upon 
the  Erechtheum.  This  can  be  done  by  a  study  of  Pigs.  20,  21,  22,  and 
23.  The  subsequent  story  of  the  Ionic  order,  its  introduction  and  use 
at  Rome,  and  its  revival  during  the  Renaissance,  as  well  as  its  general 
employment  during  recent  times,  are  matters  of  most  common  knowl- 
edge. It  has  not  seemed  necessary  to  review  this  mass  of  material 
so  familiar  now  to  the  layman  as  well  as  to  the  student  and  architect, 
except  perhaps  in  a  pictorial  way,  and  to  this  end  a  set  of  illustrations 
has  been  included  (Figs.  24,  25,  26,  27,  28,  and  29). 

8.  The  Corinthian  Capital. — Something  of  the  use  of  voluted 
forms  upon  bell  or  basket-shaped  capitals  should  be  recalled  here. 
This  use  of  the  volute  is  found  not  only  upon  the  Corinthian  capitals 
of  Greece  (Fig.  32),  and  Rome  (Figs.  33,  34,  35,  36,  and  37),  but 
also  upon  such  bell-shaped  capitals  as  that  from  Phihe  (Fig.  31),  an 
example  dating  from  the  Ptolemaic  Period  and  due  most  likely  to 
Grecian  influence.  Fig.  30  will  serve  to  recall  the  revival  of  this 
type  during  the  Renaissance.  But  this  use  of  volutes  is  now  very 
generally  appreciated,  and  these  illustrations  should  serve  to  delineate 
the  general  trend  of  that  use. 
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Fig.  20.     Capital  from  the  Temple  of  Nike  Apteros,  from  d'Espody 
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Tig.  21.    Capital  from  the  Propyl/Ea,  Athens, 
from    d  'espouy 
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Fig.  22.     Capital  from  the  Temple  of  Bass^e,  from  Mauch 
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Fig.  24.     Comparative  Study  of  Ionic  Capitals,  from  Uhde 


From   left  to  right: 

Column    and    Capital    from    Temple    of    Nike    Apteros,    Athens: 
Column   and  Capital  from  North   Portico  of  Erechtheum,   Athens ; 
Column   and  Capital   from  Temple   of  Apollo  Epikurios,   Bassae. 
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Fig.  25.    Ionic  Capital  axd  Details,  Mausoleum  of  Halicarnassos, 
from  d'espouy 
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Fig.   23.     Ionic  Capital,   Theatre  of  Marcellus,   from   d'Espouy 


THE  VOLUTE  IN  ARCHITECTURE  AND  ARCHITECTURAL  DECORATION      49 


Fig.  27.     Ionic  Capitals,  after  Stegmann   and  von  Geymuller 


Above:      Capital   from    the    Canonica    di    San    Biagio   at    Montepulciana. 
Below:      Capital  from  Church  of  S.  Agost.ino —  Monte  Savino. 
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Fig.  28.     Ionic  Capital  from  Palazzo  Nobile  at  Montepulciano, 

AITER    STEGMANN    AND    VON    GeYA  U^LER 


Fig.  29.     Capital  from  Florence,  after  Stegmann  and  von  Geymuller 


THE  VOLUTE  IN  ARCHITECTURE  AND  ARCHITECTURAL  DECORATION      51 


Fig.  30.    Capital  prom  Palazzo  Piccolomini,  Pienza, 
after  stegmann  and  von  geymuller 
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Fig.  31.     Egyptian  Bell-Shaped  Capital,  after  Sturgis,  Who  Credits  Prisse 


Fig.  32.    Capital  from  the  Sacred  Enceinte,  Epidauros,  from  d'Espouy 
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Fig.  33.    Capital  from  the  Temple  op  Vesta,  Rome,  from  d'Espouy 


Fig.  34.     Details  of  Volutes  from  Capital,  Temple  of  Vesta,  Rome, 

after  d  'Espouy 
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Fig.  35.    Capital  from  Temple  of  Mars  Ultor,  Rome,  from  d'Espouy 


Fig.  36.    Capital  from  Temple  of  Jupiter  Stator,  Rome,  from  d'Espouy 
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Fig.  37.     Detail  prom  Capital,  Temple  op  Jupiter  Stator,  Eome, 
after  d'espouy 
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V.     The  Volute  in  Later  Capitals 

9.  Earl})  Christian  and  Byzantine. — While  the  use  of  the  volute 
upon  classic  capitals  has  long'  been  appreciated,  its  use  upon  the  capi- 
tals of  the  Middle  Ages  has  not  been  so  generally  remarked.  In  this 
connection  it  has  seemed  necessary  to  point  out  something  of  the 
trend  of  voluted  forms  in  architecture  between  the  time  of  the  fall 
of  the  Roman  Empire  in  the  west  and  the  culmination  of  the  Gothic 
Period.  This  has  been  done  principally  because  the  volute  has 
so  long  and  frequently  been  considered  simply  a  classic  element, 
confined  to  classic  periods  or  classic  revivals.  It  is  thought  that  by 
pointing  out  the  continued  and  unbroken  use  of  the  volute  in  one 
form  or  another  during  the  Middle  Ages,  this  use,  together  with  the 
well  known  popularity  of  voluted  forms  during  the  classic  periods  and 
the  Renaissance,  will  serve  to  establish  beyond  a  doubt  the  original 
contention  and  purpose  in  presenting  the  study,  namely,  that  the 
volute  is  a  universal  element  in  nature,  consequently  in  art,  and  that 
as  such  it  persists  and  will  continue  to  persist  as  long  as  man  lives 
in  his  present  environment.  The  tracing  of  voluted  forms  during 
the  Middle  Ages  requires  no  very  strong  written  argument  and  a 
pictorial  presentation  is  perhaps  as  effective  here  as  in  the  case 
of  the  classic  examples. 

Of  the  type  of  orders  in  use  at  Rome  during  the  Empire  only 
the  voluted  types,  that  is,  the  Ionic,  Corinthian,  and  Composite, 
appear  to  have  been  used  by  the  builders  of  the  early  Christian 
churches.  Of  the  voluted  forms,  the  Ionic  was  less  used  than  its 
relatives,  the  Corinthian  and  the  Composite.  These  two  types  were 
produced  by  thousands  in  every  Roman  province  even  as  far  away  as 
Britain.  This  general  class  of  capitals  is  called  by  the  name  Corin- 
thianesque,  for  the  Corinthian-like  variety  far  surpassed  the  Composite 
in  its  frequency  of  use,  and  served  as  the  prototype  of  the  Gothic 
crocket  capitals  of  a  later  period. 

It  has  already  been  noted  that  capitals  of  the  Corinthian,  bell, 
or  basket-type  have  been  used  with  and  without  voluted  decoration 
from  the  time  of  the  Ptolemaic  Period  in  Egypt  to  the  present  day, 
and  from  the  early  Christians,  Byzantines,  and  subsequent  church- 
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Fig.  38.     Capital  from  Church  of  Pierre  le  Moutier,  Nievre,  France, 

after  marcou 

building  peoples  the  volute  received  its  full  measure  of  attention. 
With  the  second  century,  the  artists  sacrificed  Roman  types  for  freer 
versions,  and  from  these  early  types  it  is  possible  to  trace  the  complete 
transition  to  the  foliated  Gothic  capital  of  the  eleventh  century. 
However,  Roman  forms  persist  in  some  localities  even  down  to  the 
eleventh  century,  a  good  example  of  a  free  version  of  a  Roman  variety 
occurring-  upon  the  church  of  St.  Pierre-le-Moutier,  at  Nievre,  Prance 
(Pig.  38). 


10.  Romanesque  and  Gothic. — Forms  more  medieval  in  char- 
acter, yet  at  the  same  time  retaining  the  volutes,  are  shown  in  Fig.  39, 
a  capital  from  the  nave  of  the  Cathedral  of  Toulouse,  or  Fig.  40,  a 
capital  from  the  nave  of  the  church  at  Aignan,  both  of  which  retain 
the  volute  as  an  essential  part  of  their  make  up.  The  Romanesque 
capital  from  the  Cathedral  of  Bayeaux  (Fig.  41)  represents  a  develop- 
ment midway  between  the  Toulouse  type  and  the  example  from  St. 
Martin  de  Champs,  Paris  (Fig.  42).  The  volute  in  this  latter  type 
has  become  the  Gothic  crocket*  and  persists  not  only  in  the  capitals 
but  also  in  the  finials  of  the  period.  In  this  connection  it  should  be  noted 
that  the  crocket  proper  (circa  1192  B.C.)  did  not  come  into  existence 


*  Bond,    "Gothic  Architecture  in  England,"  p.   429. 
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Fig.  39.    Capital  from  the  Nave,  Cathedral  of  Toulouse,  France, 

after  marcou 


until  after  the  so-called  "crocket"  capital,  which  was  derived  from  the 
classic  Corinthian  type  as  indicated,  and  which  gave  rise  to  the 
"crocket"  proper,  but  the  term  "crocket"  capital  is  convenient, 
although  historically  incorrect.* 

From  the  Saint  Martin  de  Champs  capital  it  is  but  a  step  to 
the  "wind-blown"  Salisbury  capital  (Fig.  44),  where  the  volute 
almost  loses  all  resemblance  to  its  early  prototypes  in  the  curly 
whorls  of  foliage.  This  type  marks  the  culminating  phase  of  the 
voluted  capital  during  the  Gothic  period. 


For   crocket   see   Fig.    43. 


THE  VOLUTE  IN  ARCHITECTURE  AND  ARCHITECTURAL  DECORATION   59 

Another  type  of  capital  used  in  Byzantine,  Romanesque,  and 
Gothic  art  was  the  cubical  block  type,  and  even  upon  this  capital, 
although  there  is  no  structural  place  for  voluted  forms,  the  volute 
often  persists  in  the  decoration,  as  will  be  noted  in  the  Sancta  Sophia 
capital  (Fig.  45),  the  St.  Peter's,  Northampton,  capital  (Fig.  46), 
and  the  capital  from  the  Musee  d 'Aries  (Fig.  47),  a  Gothic  version 
of  the  cubical  block  type. 


Fig.  40.     Capital  prom  the  Nave  of  the  Church  of  Aignan,  France, 

after  Marcou 
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Fig.  41.    Capital  from  Baye.ujx  Cathedral,  France, 
after  Hamlin 


Fig.  42.     Capital  from  St.  Martin  de  Champs,  Paris,  France, 
after  Hamlin 
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Fig.  4:;.     Pinial  Crockets,  a  Sketch 


Fig    44.     Capital  from  Salisbury  Cathedral,  England, 
after  Hamlin 
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Fig.  45.     Byzantine  Capital,  Saixt  Sophia,  Constantinople, 

FROM    PtJLGHER 


Fig.  46.    Capital  from  St.  Peter's,  Northampton,  England, 
after  Bond 
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Fig.  47.     Capital  from  Musee  d'Arles,  after  Marcou 
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VI.     The  Volute  in  Other  Structural  Forms 

11.  Consoles,  Modillions,  and  Brackets. — Aside  from  these  con- 
siderations of  the  use  of  the  volute  upon  the  capital,  some  attention 
should  be  paid  to  its  use  in  other  structural  forms,  where  it  has 
persisted  with  as  marvelous  an  insistence  as  in  the  capital.  Among 
these  forms  employing  the  volute  as  a  motif  may  be  mentioned  con- 
soles, modillions,  and  transitional  brackets. 

The  employment  of  the  volute  as  a  motif  for  supporting  members 
hinges  upon  its  ability  to  make  a  graceful  transition  from  the  vertical 
to  the  horizontal,  and  vice  versa.  In  this  connection  the  spiral  motif 
is  usually  a  double  one,  employing  two  spirals  winding  in  opposite 
directions,  as  will  be  noted  in  Fig.  53.  A  form  thus  composed  serves 
as  a  bracket  horizontally  or  vertically,  and  in  this  capacity  has  served 
its  purpose  from  the  time  of  the  Erechtheum  doorway  down  through 
the  ages  to  modern  times. 

The  volnted  console  form  has  likewise  been  employed  as  a 
keystone  upon  such  structures  as  the  Roman  triumphal  arches  and  the 
like.  A  similar  braeket-like  use  is  the  employment  of  the  form  as 
modillions  upon  the  entablatures  of  the  Corinthian  and  Composite 
orders. 

In  addition  to  these  well  known  uses  in  a  structural  manner,  vo- 
lutes have  been  employed  to  make  transitions  in  line  in  situations 
where  their  structural  significance  becomes  void.  An  example  of 
this  use  occurs  in  the  great  scrolls  employed  in  a  buttress-like  fashion, 
but  for  purely  aesthetic  purposes,  upon  the  Church  of  Santa  Maria  della 
Salute  at  Venice.  Upon  other  Renaissance  buildings  voluted  inverted 
bracket  forms  have  been  used  to  make  the  transition,  upon  the  facade, 
from  the  clerestory  wall  to  the  walls  of  the  side  aisles,  well  known 
examples  of  which  use  are  to  be  found  upon  the  various  Jesuit 
churches  in  Italy. 
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Fig.  48.     Spirals  on  Fragment  from  Palace  at  Tiryns, 
after  durm 


Fig.  49.     Roman  Rinceau,  a  Sketch 
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Fig.  50.     Gothic  Spiral  Carving,  after  Marcou 


Fig.  51.    Spiral  Carved  Detail  from  Cathedral  of  Paris,  France, 
after  Marcou 
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Fig.  52.     Spiral  Carved  Byzantine  Ornament,  from  Church  op 
Saint  Mark,  Venice,  after  Dehli 
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Fig.  53.    Modillion  from  Temple  of  Concord,  Rome, 
from  d'Espouy 
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Fig.  54.     Various  Spiral  Ornaments,  Sketches  from  Various  Sources 
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VII.     The  Volute   in   Architectural   Decoration 

12.  Use  from  the  Early  Times  to  the  Renaissance. — The  use 
of  spiral  decorative  forms  as  architectural  decoration  in  Egypt, 
Assyria,  and  early  Greece,  has  already  been  mentioned.  In  its  prim- 
itive use  the  spiral  floured  in  decoration  either  as  running  ornament 
or  as  all-over  decoration  (see  Fig.  48).  These  same  motifs  persisted 
in  Greek  architectural  decoration  of  a  later  period,  appearing  in 
various  forms  and  manifestations  (see  Fig.  54),  and  were  subsequently 
handed  down  to  Rome,  where  they  were  favorites,  used  especially  as 
running  ornament,  but  rarely  in  all-over  patterns  (See  Figs.  10  and 
49). 

From  Rome  the  spiral,  as  running  ornament,  found  its  way  into 
the  hands  of  the  early  Christians  and  Byzantines  (Fig.  52),  per- 
petuated itself  during  Romanesque  times  (Fig.  46),  and  culminated 
during  the  Gothic  Period  (Figs.  50  and  51).  Its  revival  as  running 
ornament  or  as  a  terminal  motif  during  the  Renaissance  was  a  matter 
of  course.     It  was  accorded  the  same  place  as  other  classic  forms. 
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VIII.     Conclusion 

13.     Summary. — The  general  conclusions  to  be  drawn  from  the 
foregoing-  discussion  may  briefly  be  summarized  as  follows : 

(1)  The  volute  is  one  of  the  most  universally  occurring 
curves  in  nature ;  it  represents  a  principle  in  nature,  a  funda- 
mental law  of  growth.  It  is  dynamic,  infinite,  and  mysterious  in 
its  significance ;  and  hence  has  from  the  earliest  times  had  a  great 
appeal  to  mankind,  and  has  entered  deeply  into  the  art  expression 
of  all  ages. 

(2)  The  volute  as  an  art  motif  has  been  developed  from 
natural  forms,  rather  than  from  a  technomorphic  inspiration.  At 
the  same  time  the  curve  as  it  occurs  in  art  is  not  purely  realistic 
or  naturalistic ;  but  is  rather  the  natural  curve  idealized  and 
conventionalized  into  an  abstract,  ideal  form ;  even  the  very 
earliest  spiral  forms  found  in  art  are  conventional,  geometrical. 

(3)  Because  of  the  universality  of  its  appeal  to  the  mind  of 
man,  the  volute  as  an  art  motif  has  a  wide  geographical  distribu- 
tion, being  found  in  all  countries  at  all  times  under  one  guise  or 
another.  It  appears  to  have  developed  independently,  although 
not,  perhaps,  originated  independently,  in  many  cultural  centers. 

(4)  From  the  evidence  available  it  appears  probable  that 
there  was  little  or  no  Assyrian  influence  in  the  development  of  the 
Ionic  order,  but  that  the  spiral  motif  as  found  in  Ionic  art  is  a 
product  of  iEgean  culture,  and  did  not  come  from  the  East. 

(5)  The  Ionic  capital,  if  the  general  laws  of  architectural 
evolution  are  borne  in  mind,  appears  likely  to  have  been  developed 
from  some  primitive  structural  form;  and  the  "log  end"  theory 
as  formulated  in  the  text  offers  the  most  plausible  explanation  of 
its  origin.  The  evolution  of  the  capital  can  be  divided  into  four 
distinct  steps : 

(a)  Log  ends  with  painted  concentric  circles  as  orna- 

ment. 

(b)  Wooden     bolster-block     with     painted     concentric 

circles  or  tangent  spirals  as  ornament. 
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(c)  Stone  block  capital  with  "scratched-in"  spirals. 

(d)  Stone    capital    with    sculptured    volutes    and   well 

defined   echinus. 

(6)  The  volute  continues  today  a  favorite  motif  in  archi- 
tecture and  art  partly  because,  so  to  speak,  its  use  has  acquired 
a  momentum  that  would  be  difficult  to  overcome  even  if  it  were 
not  still  an  inspiring  natural  form,  but  far  more  largely  because 
of  its  intrinsic  beauty  and  appeal.  From  classic  times  it  has 
persisted  down  through  the  middle  ages  to  the  present  day,  its 
treatment  and  application  constantly  changing  with  the  develop- 
ment of  art  and  architecture,  but  its  intrinsic  form  and  significance 
remaining  ever  the  same;  and  it  will  persist  in  the  future  so  long 
as  mankind  continues  to  appreciate  the  truth  and  beauty  of 
natural  form,  and  to  respond  to  the  subtle  appeal  of  the  infinite. 
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APPENDIX 

List  of  Important  Ionic  Examples 

1.  Archaic  Capitals  from  Athens. 

2.  Archaic  ' '  Bolster ' '  Capital  from  Delos. 

3.  Capital  from  Messa,  Island  of  Lesbos. 

4.  Capital  from  Neandria  in  the  Troad,  Asia  Minor,  VII  Century  B.C. 

5.  Archaic  Capitals  from  Delos. 

6.  Naxian  Votive  Column,  Delphi. 

7.  Temple  of  Apollo,  Naukratis,  Egypt,  650  B.C. 

8.  Temple  of  Hera  (Old),  Samos,  VI  Century  B.C. 

9.  Archaic  Temple  of  Diana  (Artemis),  Ephesus,  560  B.C. 

10.  Temple  upon  the  Illisus,  Athens,  484  B.C. 

11.  Temple  of  Nike  Apteros,  Athens,  438  B.C. 

12.  Propylaea  at  Athens  (Internal  Order),  437-32  B.C. 

13.  Temple  of  Apollo  Epicurius,  Bassae,  430  B.C. 

14.  Erechtheum,  420-393  B.C. 

15.  Various  Lycian  Tombs,  V.  and  IV  Centuries  B.C. 

16.  Mausoleum  of  Halicarnassos,  354  B.C. 

17.  Temple  of  Dionysus,  Teos,  350  B.C. 

18.  The  Philipeion,   Olympia,   338   B.C. 

19.  Temple  of  Apollo  Didymaeus,  near  Miletus,  335-320  B.C. 

20.  Temple  of  Diana   (Artemis),  Ephesus,  330  B.C. 

21.  Temple  of  Athena  Polias,  Priene,  (near  Miletus),  320  B.C. 

22.  The  Cybele's  Temple,  Sardis,  IV  Century  B.C. 

23.  Altar  of  Zeus,  Pergamum,  197-159  B.C. 

24.  Temple  of  Fortuna  Virilis,  Rome,  100  B.C. 

25.  Theatre  of  Marcellus,  Rome,  23-13  B.C. 

26.  Colosseum,   Rome,   70  A.D. 

27.  Temple  of  Saturn,  Rome,  285  A.D. 
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THERMAL  CONDUCTIVITY  AND  DIFFUSIVITY 
OF  CONCRETE 


I.     Introduction 

1.  Object  of  the  Investigation.— The  object  of  this  investigation 
was  to  obtain  the  absolute  thermal  conductivity  of  a  number  of 
standard  concrete  mixtures.  The  diffusivity,  or  thermometric  con- 
ductivity, has  also  been  calculated  from  the  specific  heat,  the  density, 
and  the  thermal  conductivity.  The  investigation  was  undertaken  in 
response  to  inquiries  for  information  as  to  such  constants  from  engi- 
neers, received  by  the  Engineering  Experiment  Station  of  the  Univer- 
sity of  Illinois,  but,  apart  from  the  need  of  such  constants  in  present 
engineering  problems,  the  increasingly  numerous  uses  of  concrete  make 
determination  of  these  physical  constants  for  such  a  common  material 
desirable. 

In  this  investigation,  it  has  been  considered  important  to  describe 
in  detail  the  material  for  which  the  absolute  thermal  conductivity  has 
been  determined.  During  the  last  ten  years  the  composition  and 
methods  of  preparation  of  concrete  mixtures  have  been  studied  and 
standardized,  and  the  present  investigators  have  had  the  advantage 
of  dealing  with  concrete  mixtures  which  can  be  described  much  more 
definitely  than  was  possible  a  few  years  ago.  The  results  of  only  a 
few  determinations  of  the  absolute  thermal  conductivity  of  concrete 
are  recorded  in  the  literature  of  the  subject,*  and  to  a  large  extent 
these  lack  definiteness  in  regard  to  the  composition  and  method  of 
preparation  of  the  material,  so  that  it  is  impossible  to  make  more  than 
a  very  general  comparison  of  the  results  here  recorded  with  those 
previously  obtained. 


*  Proceedings  of  National  Association  of  Concrete  Users,  Vol.  VII,  article  by  C.  L. 
Norton.      1911. 

"Thermo-conductivity  of  Heat  Insulators."  W.  Nusselt.  Engineering,  Vol.  87,  p.  1. 
Jan.  1909. 

"A  Study  of  the  Heat  Transmission  of  Building  Materials"  by  A.  C.  Willard  and  L.  C. 
Lichty.     Univ.  of  111.  Eng.  Exp.  Sta.  Bui.  No.   102,   1917. 

Nusselt  gives  a  single  determination  for  "neat"  cement,  and  he  did  not  set  a  high 
value  on  this  determination.  The  results  of  Norton  and  of  Willard  and  Lichty  will  be  noticed 
later  in  this  bulletin. 
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In  addition  to  determinations  of  the  thermal  conductivity  of 
concrete,  similar  determinations  for  white  marble  were  also  made. 
The  method  used  in  the  determinations  for  marble  was  the  same  as 
had  been  used  for  concrete.  This  not  only  gives  an  independently 
determined  value  of  this  constant  for  marble,  but  also  links  the  de- 
terminations of  thermal  conductivity  for  concrete  with  those  for  a 
substance  for  which  a  number  of  values  of  the  thermal  conductivity 
are  given  in  the  literature  on  the  subject.* 

2.  Acknowledgments. — In  the  preparation  of  the  concrete  speci- 
mens, we  have  received  valuable  help  from  the  Department  of  Theo- 
retical and  Applied  Mechanics  of  the  University  of  Illinois.  Professor 
A.  N.  Talbot,  head  of  the  department,  has  kindly  advised  with  reference 
to  descriptive  terms  for  the  material  tested.  To  Mr.  H.  F.  Gonnerman, 
formerly  of  the  same  department,  thanks  are  due  for  advice  and  aid 
in  the  preparation  of  the  large  number  of  concrete  cylinders.  Mr. 
C.  C.  Schmidt,  Assistant  in  Physics,  aided  Mr.  Nelson,  during  the 
summer  of  1920,  in  the  preparation  of  the  concrete  cylinders  and  in 
the  experimental  work. 


*  The  most  extended  series  of  determinations  for  marble  are  those  of  Professor  B.  O. 
Pierce  and  Mr.  R.  W.  Wilson,  published  in  the  Proceedings  of  the  American  Academy  of 
Arts  and  Sciences,  Vol.  34,  p.  3,  1898.  They  used  a  wall  method,  while  the  method  used 
here  was,  as  will  be  described,   a  cylinder  method. 
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II.     Principles  and  Methods  of  Measurement 

3.  Definitions  and  Units. — The  fundamental  fact  of  heat  con- 
ductivity is  that,  for  steady  flow,  the  quantity  of  heat  flowing  in  a  unit 
of  time  through  a  plate  varies  directly  as  the  difference  of  temperature 
between  the  faces  of  the  plate,  directly  as  the  cross  section  of  the  plate,  < 
and  inversely  as  the  thickness  of  the  plate.  This  law,  which  was  first 
stated  clearly  by  Joseph  Fourier,  the  famous  French  military  engineer 
and  mathematician,  is  expressed  by  the  formula 

q  =  kk±ST 

In  this  equation,  Q  is  the  quantity  of  heat,  t2-t1  the  difference  of 
temperature  at  the  two  faces,  8  the  area  of  the  cross  section,  T  the 
time  of  flow,  and  I  the  distance  of  flow,  or  the  thickness.  The  quan- 
tity k  is  a  constant,  which  is  a  property  of  the  material  of  which  the 
body  is  composed,  and  is  called  the  thermal  conductivity  of  the  ma- 
terial.    The  fraction  — —, — - —  is  the  fall  of  temperature  per  unit 

t 

distance,  and  is  called  the  temperature  gradient. 

The  unit  of  thermal  conductivity  clearly  depends  upon  the  chosen 
units  of  length,  area,  time,  and  heat.  In  the  following  calculations  a 
unit  based  on  the  centimeter,  second,  and  gram-calorie,  called  here 
"the  c.g.s.  physical  unit,"  has  been  used;  but  the  results  are  stated 
also  in  a  unit  based  on  the  foot,  hour,  and  British  thermal  unit,  called 
here  "the  British  engineering  unit."  These  units  are  defined  as 
follows : 

(a)  The  C.  G.  8.  Physical  Unit  of  thermal  conductivity  corre- 
sponds to  the  flow  of  one  gram-calorie  in  one  second,  when  the  flow  is 
steady,  through  a  section  of  a  plate  of  the  substance  in  question  one 
square  centimeter  in  area,  the  thickness  of  the  plate  being  one  centi- 
meter, and  the  difference  between  the  temperatures  of  the  faces  of  the 
plate  one  degree  centigrade. 

(b)  The  British  Engineering  Unit  of  thermal  conductivity  cor- 
responds to  the  flow  of  one  British  thermal  unit  (B.t.u.)  in  one  hour, 
when  the  flow  is  steady,  through  a  section  of  a  plate  of  the  substance 
in  question  one  square  foot  in  area,  the  thickness  of  the  plate  being 
one  foot,  and  the  difference  between  the  temperatures  of  the  faces  of 
the  plate  one  degree  Fahrenheit. 
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The  conversion  (of  results  given  in  either  of  the  above  units  into 
other  units  is  a  matter  of  simple  calculation. 

Upon  this  subject  of  units  of  thermal  conductivity  the  following 
quotation  is  made  from  the  excellent  text-book  of  Ingersoll  and  Zoebel 
entitled  "The  Mathematical  Theory  of  Heat  Conduction":  "There 
is  probably  no  subject  in  which  the  confusion  of  units  is  greater  than 
that  of  heat  conduction.  While  the  physicist  uses  the  metric  or  c.g.s. 
unit — that  is,  the  gram-calorie  per  second,  per  square  centimeter  of 
area,  for  a  temperature  gradient  of  a  degree  centigrade  per  centimeter 
— there  is  no  such  uniformity  of  practice  among  engineers.  The  steam 
engineer  refers  his  observations  to  the  B.t.u.  per  hour,  per  square 
foot,  per  degree  Fahrenheit,  per  inch  in  thickness,  while  the  refrig- 
erating engineer  prefers  the  day  as  the  unit  of  time  rather  than 
the  hour,  and  the  electrical  engineer  uses  various  systems,  based  fre- 
quently on  the  kilowatt,  as  representing  the  rate  of  heat  flow.  There 
are  also  numbers  of  other  units,  some  of  them  making  use  of  the  idea 
of  thermal  resistance,  analogous  to  electrical  resistance,  and  therefore 
being  reciprocally  related  to  conductivity.  These  various  engineering 
units  have  been  introduced  to  simplify  the  computation  of  heat  losses 
in  various  types  of  problems,  and  on  these  grounds  perhaps  justif}' 
their  existence ;  but  from  the  standpoint  of  the  present  work  they  are, 
with  one  or  two  exceptions,  not  usable.  This  is  because,  in  a  large 
majority  of  the  cases  we  shall  have  occasion  to  consider,  it  is  not  the 
conductivity  but  the  diffusivity,  or  thermometric  conductivity,  which 
enters  directly  into  the  computations,  and  this  latter  is  too  complex 
a  unit  to  use  profitably  with  a  mixture  of  English  and  metric  systems, 
or  an  English  system  involving  two  different  units  of  length — for 
example,  feet  and  inches,  as  in  common  engineering  practice.  Only 
two,  then,  of  the  many  heat-conduction  units  lend  themselves  readily 
to  our  purpose — the  B.t.u.  per  hour,  per  square  foot,  for  a  temperature 
gradient  of  a  degree  Fahrenheit  per  foot,  and  the  metric  unit.  But 
the  former  is  practically  never  used  (the  gradient  being  expressed  in 
degrees  per  inch  in  the  common  engineering  unit),  while  the  latter  is 
becoming  of  more  general  use  every  day,  so  we  shall  confine  our  units 
and  calculations  to  the  metric  system,  giving  in  many  cases,  however, 
the  English  equivalents." 

Thermal  conductivity  expressed  in  the  units  defined  above,  applies 
to  the  condition  of  steady  flow,  that  is,  the  condition  existing  when  the 
temperature  at  each  point  through  the  plate  is  not  changing,  and  the 
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quantity  of  heat  entering  at  one  face  is  equal  to  the  quantity  emitted 
at  the  opposite  face. 

There  is  another  constant,  which  is  particularly  important  to  the 
concrete  engineer — namely,  that  which  expresses  the  rate  of  flow  of 
temperature  for  a  material,  or  the  thermal  diffusivity.  This  evidently 
depends  not  only  on  the  thermal  conductivity,  but  also  on  the  amount 
of  heat  required  to  raise  the  temperature  of  unit  volume  of  the  ma- 
terial one  degree :  that  is,  upon  the  density  and  the  specific  heat  of 
the  material.  Thus,  if  D  is  the  diffusivity,  p  the  density,  s  the  specific 
heat,  and  k  the  thermal  conductivity  of  the  material, 

ps 

In  this  investigation  the  thermal  diffusivity  has  been  calculated  for 
the  mixtures  for  which  the  thermal  conductivity  was  determined,  and 
also  for  the  marble. 

4.  Method  of  Measuring  Conductivity. — It  is  evident  that  the 
quantities  required  for  the  determination  of  thermal  conductivity  are 
Q,  the  quantity  of  heat  passing  under  steady  flow  conditions  at  right 
angles  through  a  surface  of  predetermined  area  S,  and  the  quantity 

2  j  S  or  temperature  gradient.     For  poor  heat  conductors,  such  as 

concrete  and  marble,  the  method  most  commonly  employed  for  the 
measurement  of  the  quantities  has  been  the  "plate"  or  "wall"  method. 
In  this  method  an  essential  condition  is  to  have  steady  flow  through 
a  flat  plate  of  uniform  thickness,  and  the  lines  of  flow  at  right  angles 
to  the  faces  of  the  plate ;  this  condition  is  practically  realized  for  the 
middle  part  of  an  extended  disk.  The  heat  may  be  generated  electri- 
cally in  a  flat  coil,  and  the  quantity  of  heat  can  be  easily  calculated 
from  the  electrical  energy  consumed.  Another  method  of  obtaining 
the  quantity  of  heat  Q  is  to  absorb  the  transmitted  heat  in  a  water 
jacket,  and  measure  the  rise  in  temperature  of  the  water.  Still  another 
method  is  that  used  by  Lees  and  Charlton*  in  which  the  transmitted 
heat  was  radiated  from  a  standard  plate  under  constant  conditions,  the 
constants  for  this  radiated  heat  having  been  determined  by  a  separate 
experiment.  [The  method  of  determining  thermal  conductivity  which 


Phil.  Mag.  No.  5,  Vol.   41,   p.  495,   June,   1898. 
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has  been  used  in  this  investigation  can  be  described  as  the  "cylinder 
method. '  )  It  is  the  same  general  method  as  was  used  in  the  determina- 
tion of  the  thermal  conductivity  of  fire-clay  made  in  this  laboratory  in 
1909.*  A  long  cylinder  of  the  substance  is  used,  and  the  heat  is 
generated  electrically  in  a  coil  placed  in  a  hole  running  axially  through 
the  cylinder.  Near  the  ends  of  the  cylinder  the  flow  of  heat  is,  of 
course,  not  radial,  but  for  some  length  near  the  middle  of  a  long 
cylinder  we  can  assume  radial  flow.  Experiments  show  that  this 
assumption  is  justified.  The  amount  of  heat  generated  per  unit  length 
of  the  middle  part  of  the  cylinder  is  easily  calculated  from  measure- 
ments of  the  electromotive  force,  E,  and  the  current,  I,  flowing  in  the 
coil. 

To  measure  the  temperature  gradient  of  the  heat  flow,  small 
"probing"  holes  are  placed  in  the  cylinder,  parallel  to  the  axis,  and 
extending  from  one  end  to  the  middle  of  the  cylinder  where  the  tem- 
perature is  to  be  measured.  In  most  of  the  cylinders  used,  there  were 
three  such  holes,  one  near  the  coil  hole  along  the  axis,  one  near  the 
outer  surface  of  the  cylinder,  and  one  about  half  way  between.  The 
temperatures  can  be  read  by  thermocouples  placed  in  these  holes. 
Then,  knowing  the  radial  distances  rx  and  r2,  and  the  corresponding 
temperatures  tx  and  t2,  the  temperature  gradient  is  determined  directly. 
Fig.  1  shows  the  arrangement  and  location  of  the  coil  and  the  thermo- 
couples. 

Fourier's  equation  for  the  stationary  flow  of  heat  becomes,  in  the 
case  of  a  long  cylinder,  with  source  along  the  axis, 

Q   =    2  irk  I    ((Ha)   T    t 

log  r2/rl 

The  equation  for  the  thermal  conductivity  then  becomes 

t  Q  i       H- 

K   ~    2  7T  I   {h~t2)  T     m    rx 

All  the  quantities  on  the  right-hand  side  of  this  equation  can  be 
directly  measured,  and  thus  the  absolute  thermal  conductivity  can 
be  determined. 


*  Thermal   Conductivity   of  Fire   Clay   at  High  Temperatures."      Univ.   of   111.   Eng.    E\p. 
Sta.   Bui.  No.   36,   1909. 

t  IngeTSoll   and   Zoebel,    "The  Mathematical   Theory   of  Heat   Conduction,"   p.   27. 
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5.  Method  of  Measuring  Diffusivity. — Diffusivity  has  already 
been  defined  as  thermal  conductivity  divided  by  the  product  of  specific 
heat  and  density.  To  determine  the  diffusivity  of  a  material  it  is, 
therefore,  necessary  to  determine  the  specific  heat  and  the  density  as 
well  as  the  conductivity. 

In  the  present  investigation  the  ' '  method  of  mixture ' '  with  water 
was  used  to  determine  the  specific  heat.  The  concrete  was  broken  into 
pieces  containing  from  iy2  to  2  cubic  inches  and  about  300  grams  of 
these  pieces  were  used  in  each  determination.  These  were  heated  to 
about  100  deg.  C.  for  four  hours  in  an  oven  to  be  sure  that  all  portions 
were  at  a  uniform  temperature. 

To  determine  the  specific  gravity  large  pieces  of  the  dried  concrete 
were  covered  with  a  thin  coating  of  paraffin,  and  weighed  in  air,  and 
in  water. 
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III.     Composition  and  Preparation  of  the  Concrete  Cylinders 

6.  Materials  and  Proportions  Used. — In  making  the  concrete 
test  cylinders,  "Universal"  portland  cement  was  used.  The  sand  and 
gravel  were  of  dolomitic  limestone  from  a  pit  at  Attica,  Indiana.  The 
specific  gravity  of  the  stone  was  about  2.65.  The  gravel  weighed  99 
pounds  per  cubic  foot,  loose,  and  the  sand  110  pounds  per  cubic  foot. 
Sieve  analyses  were  made  of  the  sand  and  gravel,  using  ' '  Tyler  stand- 
ard series."  The  results  of  the  analyses  are  shown  in  Table  1.  The 
sand  was  coarse  and  well  suited  for  making  concrete,  and  the  gravel 
was  well  graded. 

After  consideration  of  various  mixtures  of  sand  and  gravel,  the 
proportion  of  55  per  cent  sand  to  45  per  cent  gravel,  by  weight,  was 
chosen,  though  the  proportioning  was  actually  done  by  loose  volumes. 
These  proportions  lie  between  the  coarser  mixtures  that  are  frequently 
used  and  the  mixtures  that  have  larger  percentages  of  sand ;  they  gave 
an  easily  worked  mixture.  The  aggregate  of  this  mixture  had  a  weight 
of  125  lbs.  per  cubic  foot,  and  this  corresponds  to  25  per  cent  of  voids. 

Three  consistencies  were  used  in  the  concrete  mixtures,  the  normal 
consistency,  which  will  be  referred  to  as  100  per  cent  water  content, 
and  two  others,  with  10  per  cent  and  20  per  cent  additional  water, 
respectively,  which  will  be  referred  to  as  110  per  cent  and  120  per  cent- 
water  content.  The  normal  consistency  was  such  that  freshly  molded 
concrete  in  the  form  of  a  cylinder  8  inches  in  diameter  by  12  inches 
long,  with  a.  1:4  mix,  would  slump  ^2  incn  to  1  inch  when  the  form 
was  removed. 

In  Table  2  will  be  found  the  proportions  of  the  different  constitu- 
ents for  the  mixtures  tested :  these  proportions  are  stated  on  a  volume 
basis.  In  the  table  the  quantity  of  each  constituent  in  one  cubic  foot 
of  the  mixed  concrete  is  also  given. 

The  forms  were  removed  from  the  cylinders  after  the  concrete 
had  set  24  hours.  The  cylinders  were  then  stored  in  damp  sand  for 
two  weeks,  and  afterwards  removed  to  a  dry  room.  They  were  all 
thoroughly  dry  when  tested.  The  appearance  of  the  cross  sections  of 
broken  concrete  cylinders  is  shown  in  Fig.  2. 


THE  THERMAL  CONDUCTIVITY  AND  DIFFUSIVITY  OF  CONCRETE 


13 


Table  1 

Sieve  Analysis  of  Sand  and  Gravel  Used  in  Concrete  Cylinders  Tested 

(Percentages  are  based  upon  weight) 


Size  of 

Per  Cent  of  Sample  Coarser 

Square  Opening 

than  a  Given  Sieve 

Sieve  Size 

In. 

Mm. 

Sand 

Gravel 

100  mesh 

0.0058 

0.147 

99.0 

100.0 

48  mesh 

0.0116 

0.295 

97.1 

100.0 

28  mesh 

0.0232 

0.59 

81.6 

100.0 

14  mesh 

0.046 

1.17 

52.0 

100.0 

8  mesh 

0.093 

2.36 

33.6 

100.0 

4  mesh 

0.185 

4.70 

8.6 

99.4 

%  in. 

0.37 

9.4 

0.0 

97.2 

%  in. 

0.75 

18.8 

0.0 

49.8 

1.5  in. 

1.5 

38.1 

0.0 

0.0 

Table  2 
Composition  of  Concrete  Mixtures  Used  in  Cylinders  Tested 


Mixture 

Ratios 

Cement: 

Sand: 

Gravel 

Relative 

Water 

Content 

Per  Cent 

Volumes  in  Cu.  Ft. 

Cement: 
Aggregate 

Cement 

Sand 

Gravel 

Water 

Cu.  Ft. 

Cu.  Ft. 

Cu.  Ft. 

Cu.  Ft. 

1:2 

1-1.2-1.1 

100 
110 
120 

0.50 

0.620 

0.567 

0.282 
0.310 
0  33S 

1:3 

1-1.9-1.7 

100 
110 
120 

0.33 

0.62 

0.567 

0 .  225 
0.248 
0.270 

1:4 

1-2.4-2.3 

100 
110 
120 

0.25 

0.62 

0.567 

0.196 
0.216 
0 .  235 

1:5 

1-3.1-3.0 

100 
110 
120 

0.20 

0.62 

0.567 

0.176 
0.194 
0.211 

1:7 

1-4.3-4.0 

110 
120 

0.143 

0.62 

0.567 

0.171 
0.186 

1:9 

1-5.6-5.1 

110 
120 

0.111 

0.62 

0.567 

0.160 
0.175 

"Neat" 

100 
110 

1.00 

0.384 
0.423 
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IV.     Testing  Procedure 

7.  Description  of  Test  Specimens  and  Apparatus  Used. — -The 
cylinders  were  24  inches  long  and  7^2  inches  in  diameter.  The  central 
hole  for  the  heating  coil  was  IV2  inches  in  diameter.  The  holes  for 
inserting  the  thermocouples  were  made  by  placing  5/32-inch  rods  in 
the  fresh  concrete  parallel  to  the  axis,  and  at  different  radial  distances. 
A  section  of  the  cylinder  and  the  heating  coil  is  shown  in  Fig.  1. 


—Th&r/vo-eotjp/e  Holes 


Fig.  1.     Sectional  and  End  Views  of  Test  Cylinder,  Showing  Location  of 
Heating  Coil  and  Thermocouples 


The  heating  coils  were  made  by  winding  "Chromel  C"*  ribbon 
0.25  inch  by  0.025  inch  on  hard  porcelain  insulator  tubes  24  inches 
long.  In  order  to  center  the  heating  coils,  tapered  collars  for  the  ends 
were  made  of  portland  cement  and  plaster  of  Paris.  The  outer  sur- 
faces of  the  concrete  cylinders  were  covered  with  a  very  thin  coat  of 
plaster  of  Paris  to  make  the  emissivity  uniform  over  the  surface  of  the 
cylinder.  The  current  for  the  heating  coil  was  supplied  by  a  motor- 
generator  set  equipped  with  a  General  Electric  special  voltage  reg- 
ulator, the  motor  of  the  set  being  driven  by  the  alternating  current 
from  the  University  mains,  which  is  of  fairly  constant  voltage.  The 
regulator  kept  the  voltage  of  the  110  D.C.  generator  constant  to  within 
less  than  one-half  of  one  per  cent.  It  was  found  necessary  to  heat  the 
cylinders  from  14  to  16  hours  before  the  temperature  became  constant 
so  that  observations  could  be  taken.    A  Thwing  thermocouple  recorder 


*  This  is  a  nickel-chromium  alloy  resistance  metal  made  by  the  Hoskins  Manufacturing 
Company  of  Detroit,   Michigan. 
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was  used  to  indicate  when  a  steady  condition  of  temperature  was 
reached. 

Fig.  3  shows  the  method  of  insulating  the  hot  junction  of  the 
thermocouple  and  centering  it  in  the  hole ;  the  outside  glass  protecting 
tube  fitted  closely  in  the  holes  in  the  cylinder^  Copper-constantan 
thermocouples  were  used,  and  were  calibrated  by  first  of  all  determining 
the  readings  at  three  fixed  temperatures,  the  boiling  point  of  water, 


Therm  o-coup/e  Jur?ct/on 


;> 


1 


Protecf/ng  Jacket- g/ass 


/nsu/at/ng  Tube-g/ass 

Fig.  3.     Method  of  Insulating  and  Centering   Hot  Junction*   of 
Thermocouples 


the  boiling  point  of  napthalene,  and  the  melting  point  of  lead.  These 
three  points  having  been  determined,  the  complete  calibration  curve  for 
each  couple  was  drawn  by  comparison  with  the  calibration  curve  for  a 
standard  thermocouple,  that  had  been  carefully  calibrated.  r  A^Wolff 
potentiometer  was  used  to  measure  the  electromotive  force.  The  gen- 
eral arrangement  of  the  apparatus  and  circuits  are  shown  in  Figs.  -1 
and  5. 


Fig.  4.     General  Arrangement  of  Apparatus  and  Electrical  Circuits 
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8.  Testing  Procedure. — Temperature  readings  were  taken  for 
most  of  the  cylinders  at  three  radial  distances  from  the  axis.  On  the 
first  tests  a  thermocouple  was  used  in  each  hole  and  temperatures  were 
taken  simultaneously,  but  it  was  afterwards  found  that  one  thermo 
couple  could  be  used,  and  changed  from  one  hole  to  the  other,  without 
affecting  the  accuracy  of  the  observations.  Temperature  readings 
were  taken  over  a  range  of  five  centimeters  axial  length  at  the  middle 
of  the  cylinder.  Preliminary  tests  had  shown  that  for  this  portion 
of  the  cylinder  there  was  practically  no  variation  in  temperature 
parallel  to  the  axis ;  that  is,  the  flow  of  heat  was  truly  radial  through 
this  mid-portion  of  the,  cylinder.  The  current  through  the  heating- 
coils  and  the  potential  differences  were  read  at  the  beginning  and  at 
the  end  of  each  set  of  observations.  In  most  of  the  determinations  a 
length  of  heating  coil  of  59  cm.  was  used,  but  for  a  few  cases  the 
length  was  57.5  cm.  Before  taking  any  test  temperature  readings  the 
cylinders  were  first  given  a  preliminary  heating  to  a  temperature  of 
over  100  deg.  C.  in  order  to  dry  them  out ;  this  was  found  to  be  neces- 
sary in  order  to  obtain  consistent  readings. 

After  the  tests  were  completed  the  cylinders  were  broken  as  near 
the  middle  as  possible  and  the  radial  distances  of  the  thermocouple 
holes  from  the  cylinder  axes  were  measured.  In  calculating  the 
thermal  conductivity,  these  measured  radial  distances  were  used,  with 
the  corresponding  temperatures. 

Fig.  2  shows  sectional  views  of  the  cylinders  when  broken,  and 
the  probing  holes  for  measuring  the  temperature  can  be  seen.  Fig.  6 
shows  a  collection  of  cylinders  which  were  tested.  Results  of  experi- 
ments on  fifty-one  concrete  cylinders  are  given  in  the  tables. 

9.  Tests  on  a  Marble  Cylinder. — In  addition  to  the  tests  on  the 
concrete  cylinders,  some  tests  were  made  on  a  cylinder  of  marble,  of 
similar  dimensions.  White  Alabama  marble  was  used,  the  sample 
having  been  purchased  from  the  Peoria  Marble  Works  of  Peoria, 
Illinois.  The  grain  of  this  marble  was  of  a  fine  sugary  texture  and  the 
specimen  is  described  as  being  of  a  "very  good  grade"  of  marble. 
Chemical  analysis  showed  that  it  was  composed  principally  of  calcium 
carbonate,  with  a  small  amount  of  magnesium  carbonate.  The  tests 
were  made  both  for  thermal  conductivity  and  for  diffusivity.  Before 
testing,  in  order  to  free  the  marble  from  moisture,  it  was  heated  to 
130  deg.  C.  in  a  large  oven  for  four  hours.    In  carrying  out  the  con- 
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i-3  Mixture 
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Fig.  2.     Cross-sectional  Views  of  Broken  Concrete  Cylinders 


Fig.  5.     General  View  of  Apparatus 


n 


Fig.  6.     General  View  of  Broken  Test  Cylinders 
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ductivity  tests  the  cylinder  was  first  heated  to  about  50  deg.  C.  and 
readings  taken;  the  temperature  was  then  increased  each  day,  and 
observations  made,  until  a  temperature  of  about  200  deg.  C.  was 
reached ;  the  specimen  was  then  allowed  to  cool,  and  was  again  tested 
in  the  same  manner.  At  about  235  deg.  C.  the  cylinder  cracked  in 
several  places,  and  observations  were  discontinued.  The  results  of 
the  conductivity  tests  are  given  in  Table  11 ;  the  mean  values  for  the 
conductivity  are  given  in  Table  13. 

For  purposes  of  comparison,  in  Table  3  are  given  figures  for 
specific  gravity,  specific  heat,  thermal  conductivity,  and  diffusivity 
for  the  sample  tested,  and  also  for  another  sample  of  a  somewhat 
similar  marble,  the  values  given  in  the  latter  case  having  been  taken 
from  results  already  published  by  Pierce  and  "Wilson.* 

Table  3 
Properties  of  Marble 


Specific  gravity 

Specific  heat 

Thermal  conductivity 
Diffusivity 


Pierce  and  Wilson': 
"American  White' 


2.72 
0.214 
0.00596 
0.0102 


'Alabama  White' 


2.71 
0.213 
0.00614 
0.0106 


Proc.  Am.  Acad.  Arts  and  Sciences,  Vol.  36,   1900. 
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V.     Kesults  of  Observations  and  Determinations 

10.  Explanation  of  Tables. — The  results  of  the  observations  and 
calculations  are  shown  in  Tables  4  to  11.  Tests  were  made  on  fifty-one 
concrete  cylinders,  including  three  cylinders  of  "neat"  cement,  and 
on  one  cylinder  of  "White  Alabama"  marble.  The  first  column  gives 
the  identification  mark  for  the  cylinder;  the  second  column  gives  the 
"relative  water  content"  as  defined  in  Section  III,  page  12;  the  third 
column  gives  the  number  of  days,  at  the  time  of  test,  since  the  cylinder 
was  cast ;  the  fourth  and  fifth  columns  give  the  radial  distances  rx  and 
r2  of  the  probing  holes  at  which  the  temperatures  tx  and  t2,  given  in  the 
eighth  and  ninth  columns,  were  measured;  the  sixth  and  seventh 
columns  give  respectively  the  current  /  in  amperes,  and  the  electro- 
motive force  E  in  volts  of  the  heating  coil,  for  calculating  the  heat  Q ; 
the  tenth  and  eleventh  columns  give  the  values  of  k,  the  thermal  con- 
ductivity in  "c.g.s. "  and  "British  engineering"  units  as  defined  in 
Section  II,  page  7 ;  the  material  of  the  cylinder  is  indicated  in  the 
caption.    The  proportions  of  the  concrete  mixtures  are  given  in  Table  2. 

In  Table  12  are  given  values  for  densities,  specific  heats,  con- 
ductivities, and  diffusivities,  for  the  different  mixtures  of  concrete, 
and  for  the  marble.  These  values  for  concrete  are  given  for  one 
relative  water  content  only,  namely,  110  per  cent;  it  was  considered 
that  thus  good  average  values  would  be  obtained,  and  that  in  any  case 
the  diffusivity  would  not  show  much  variation  with  variation  of  the 
relative  water  content. 

In  calculating  the  diffusivities  the  conductivities  determined  for 
a  range  of  temperature  of  from  100  deg.  C.  to  200  deg.  C.  were  used. 
This  was  done  because  it  was  felt  that  these  results  were  more  reliable, 
both  on  account  of  the  larger  number  of  readings  taken  over  this  rang<;, 
and  because  the  readings  were  somewhat  more  consistent,  owing  Lo  the 
larger  temperature  differences. 
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Table  4 
Thermal  Conductivity  of  Neat  Cement 


Relative 

k 

k 

Cylinder 

Water 

Age 

Ti 

r2 

I 

E 

ti 

t2 

c.  g.  s. 

British 

Mark 

Content 
Per  Cent 

Days 

cm. 

cm. 

Amp. 

Volts 
1 

deg.  C. 

deg.  C. 

Physical 

Engi- 
neering 

1H 

100 

28 

3.493 

6.055 

15.67 

27.30 

253 . 7 

152.5 

0.00150 

0.363 

3.493 

9 .  508 

253 . 7 

91.5 

0.00170 

0.411 

1H 

100 

120 

3 .  493 

6.055 

17.02 

29.7 

345.7 

212.1 

0.00135 

0.327 

6.055 

9.508 

212.1 

123.0 

0.00165 

0.399 

3.493 

9.508 

1  - 

345.7 

123.0 

0.00147 

0.356 

1H 

100 

150 

3.493 

6 .  055 

7.48 

12.15 

91.0 

67.6 

0.00138 

0.334 

6.055 

9 .  508 

67.6 

49.0 

0.00142 

0.344 

3.493 

9  508 

91.0 

49.0 

0.00140 

0.339 

3H 

110 

28 

2.244 

4.958 

13.99 

24.40 

286 . 6 

148.8 

0.00126 

0.305 

2.244 

8.799 

286.6 

89.2 

0.00153 

0.370 

4H 

110 

28 

2.990 

6.378 

13.99 

25.00 

217.1 

112.9 

0.00164 

0.397 

Table  5 

Thermal  Conductivity  op  Concrete 

Mixture  1:2 


Relative 

k 

k 

Cylinder 

Water 

Age 

l'l 

r2 

I 

E 

tl 

t2 

c.  g.  s. 

British 

Mark 

Content 
Per  Cent 

Days 

cm. 

cm. 

Amp. 

Volts 

deg.  C. 

deg.  C. 

Physical 

Engi- 
neering 

IE 

110 

28 

2.394 

4.811 

16.41 

26.10 

197.2 

138.8 

0.0033 

0.80 

2.394 

8.662 

197.2 

103.4 

0.0038 

0.92 

IE 

110 

120 

2.394 

4.811 

19.00 

32.95 

321.8 

229.4 

0.0031 

0.75 

2E 

110 

28 

2.161 

6.131 

16.37 

28  40 

239.3 

145.3 

0.0033 

0.80 

6.131 

9.255 

145.3 

104.9 

0.0031 

0.75 

2.161 

9 .  255 

239.3 

104.9 

0.0033 

0.80 

2E 

110 

120 

2.161 

6.131 

19.00 

33.35 

354.2 

210.8 

0.0031 

0.75 

2E 

110 

140 

2.161 

6.131 

7.52 

12.21 

76.4 

56.3 

0.0031 

0.75 

6.131 

9 .  255 

56.3 

48.0 

0.0029 

0.70 

2.161 

9.255 

76.4 

48.0 

0.0030 

0.73 

3E 

100 

28 

2.313 

7.390 

15.64 

24.80 

194.2 

115.6 

0.0037 

0.90 

2.313 

7.567 

194.2 

113.9 

0.0037 

0.90 

2.313 

7.390 

16.18 

25.25 

221.0 

132.5 

0.0035 

0.85 

2.313 

7.567 

221.0 

12S.2 

0.0034 

0  82 

3E 

100 

120 

2.313 

7.390 

17.02 

29.70. 

265.4 

151.1 

0.0034 

0.82 

2.313 

7.567 

265.4 

142  4 

0.0032 

0.77 

3E 

100 

140 

2.313 

7.390 

7.55 

12.39 

68.7 

49 . .") 

0.0037 

0.90 

2.313 

7.567 

68.7 

48.9 

0.0036 

0  87 

3E 

100 

150 

2.313 

7 .  390 

19.13 

32.80 

334 .7 

175.4 

0 . 0030 

0.73 

2.313 

7.567 

334.7 

174.3 

0.0031 

0.75 

4E 

120 

28 

4.860 

6.372 

16.18 

28.00 

170.4 

137.4 

0.0024 

0.58 

6.372 

9.270 

137.4 

110.2 

0 . 0040 

0.97 

4.860 

9.270 

170.4 

110.2 

0.0031 

1)    7.-. 

5E 

110 

28 

3.978 

9.297 

16.36 

26.00 

174.7 

105.2 

0.0033 

0.80 

5E 

110 

120 

4.423 

9.297 

15.08 

25.61 

155.8 

107.  S 

0.0038 

0  92 

3.978 

9.297 

170.1 

107.8 

0.0034 

0.82 

6E 

100 

28 

2.528 

7.105 

16.79 

27.80 

245.2 

151.4 

0.0033 

0.80 

2.528 

7.936 

245.2 

134.1 

0.0031 

0.75 

2.528 

7.105 

16.79 

28.30 

260.0 

161.4 

0.0035 

0.85 

2.528 

7.936 

260.0 

143.1 

0 . 0030 

0.73 

6E 

100 

120 

2.528 

7.105 

15.09 

26.35 

220.9 

140.5 

0.0034 

0  82 

2.528 

7.936 

220.9 

121.8 

0.0030 

0.73 

7E 

100 

28 

3.003 

5.493 

16.18 

28.25 

189.4 

144.7 

0.0040 

0.97 

3.003 

9.123 

189.4 

112.9 

0.0043 

1.04 
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Table  6 

Thermal  Conductivity  of  Concrete 

Mixture  1:3 


Relative 

deg.  C. 

t2 
deg.  C. 

k 

c.  g.  8. 

Physical 

k 

Cylinder 
Mark 

Water 
Content 
Per  Cent 

Age 
Days 

cm. 

r2 
cm. 

I 

Amp. 

Volts 

British 
Engi- 
neering 

ID 

110 

28 

2.594 

6.776 

15.80 

24.85 

175.4 

115.1 

0.0040 

0.97 

2  .  594 

6 .  776 

19.72 

30.35 

289.6 

171.5 

0.0031 

0.75 

(i  776 

9.196 

171.5 

132.5 

0.0030 

0.73 

2 .  594 

9.196 

289.6 

132.5 

0.0031 

0.75 

2D 

100 

28 

2 .  467 

4.904 

15.80 

27.50 

196.2 

138.7 

0.0034 

0.82 

2.467 

8.713 

196.2 

104.1 

0 . 0038 

0.92 

2 .  467 

4.904 

19.75 

34.55 

312.5 

217.3 

0.0032 

0.77 

4.904 

8.713 

217.3 

155.2 

0.0041 

0.99 

2.461 

8.713 

312.5 

155.2 

0.0035 

0.85 

3D 

110 

28 

2.420 

7 .  097 

15.09 

23 .  45 

159.1 

107.5 

0.0048 

1.16 

2.420 

7.097 

16.00 

26.00 

199.8 

133.0 

0 . 0044 

1.06 

2.420 

9.024 

199.8 

105.7 

0.0038 

0.92 

4D 

110 

28 

2.220 

8.841 

15.10 

26.15 

185.2 

98.2 

0.0040 

0.97 

2.220 

4 .  197 

16.00 

27.50 

222.9 

168.9 

0.0034 

0.82 

4.197 

8.841 

168.9 

116.1 

0.0040 

0.97 

2.220 

8.841 

222.9 

116.1 

0 . 0037 

0.90 

5D 

110 

28 

2.307 

5.852 

17.12 

29.75 

234.7 

164.8 

0.0044 

1.06 

5.852 

9 .  235 

164.8 

126.2 

0.0039 

0.94 

2 .  307 

9  235 

234.7 

126.2 

0 . 0042 

1  111 

5D 

110 

120 

2.307 

5.852 

14.94 

24.00 

181.7 

121.7 

0.0036 

0.87 

5.852 

9 .  235 

121.7 

94.0 

0.0038 

0.92 

2.307 

9.235 

181.7 

94.0 

0.0037 

0.90 

5D 

110 

140 

2.307 

5.852 

7.46 

12.02 

72.0 

54.0 

0.0031 

0.75 

5.852 

9.235 

54.0 

47.0 

0.0039 

0.94 

2.307 

9.235 

72.0 

47.0 

0.0033 

0.80 

6D 

110 

28 

4.478 

9.252 

17.14 

26.55 

168.4 

120.5 

0.0044 

1.06 

2.474 

9   252 

228.1 

120.5 

0.0036 

0.87 

6D 

110 

120 

2.474 

4.478 

14.94 

24.40 

169.5 

135.9 

0.0043 

1.04 

7D 

120 

28 

2 .  535 

6.225 

16.43 

28.45 

226.5 

147.1 

0.0034 

0.82 

6.225 

9.255 

147.1 

118.6 

0.0037 

0.90 

2 .  535 

9 .  255 

226.5 

118.6 

0.0036 

0.87 

7D 

120 

120 

2 .  535 

6.225 

13.83 

24.00 

179.3 

121.1 

0 . 0033 

0.80 

6.225 

9 .  255 

121.1 

95.1 

0.0035 

0.85 

2 .  535 

9.255 

179.3 

95.1 

0.0033 

0.80 

7D 

120 

140 

2.535 

6.225 

7.51 

12.25 

70.8 

54.5 

0.0033 

0.80 

6.225 

9.255 

54.5 

46.6 

0.0032 

0.77 

2.535 

9.255 

70.8 

46.6 

0 . 0032 

0.77 

8D 

100 

28 

2 .  253 

4.953 

16.17 

25.60 

188.8 

138.9 

0.0042 

1.01 

4.953 

7.819 

138.9 

110.1 

0.0042 

1.01 

2.253 

7.819 

188.8 

110.1 

0.0042 

1.01 

9D 

100 

28 

2.360 

4.230 

16.77 

28.80 

248.9 

194.8 

0.0034 

0.82 

4.230 

9.131 

194.8 

127.7 

0 . 0036 

0.87 

2 .  360 

9.131 

248.9 

127.7 

0.0036 

0.87 

2.360 

4.230 

16.79 

29.10 

259.8 

200.1 

0.0031 

0.75 

4.230 

9.131 

200.1 

132.2 

0 . 0038 

0.92 

2.360 

9.131 

259.8 

132.2 

0.0033 

0.80 

9D 

100 

120 

2 .  360 

4.230 

13.83 

24.65 

183.8 

145.0 

0.0034 

0.82 

4.230 

9.131 

145.0 

103.6 

0.0042 

1.01 

2 .  360 

9.131 

183.8 

103.6 

0.0038 

0.92 

9D 

100 

140 

2.360 

4.230 

7.73 

12.50 

71.9 

60.5 

0.0033 

0.80 

4.230 

9.131 

60 . 5 

46.9 

0.0036 

0.87 

2.360 

9.131 

71.9 

46.9 

0.0035 

0.85 

11D 

120 

120 

2 .  653 

5 .  539 

12.88 

21.90 

143.6 

103.5 

0.0033 

0.80 

2.653 

9 .  073 

143.6 

85.0 

0.0038 

0.92 

2.653 

5.539 

14.56 

25.00 

189.9 

137.0 

0.0033 

0.80 

2.653 

9.073 

189.9 

105.9 

0.0034 

0.82 

2.653 

5.539 

13.83 

23 .  60 

173.7 

126.5 

0.0033 

0.80 

2.653 

9.073 

173.7 

98.5 

0 . 0035 

0.85 

11D 

120 

140 

2.653 

5.539 

7.26 

11.77 

66.1 

52.8 

0.0031 

0.75 

2 .  653 

9.073 

66.1 

46.1 

0 . 0034 

0.82 

2.653 

9.073 

10.17 

17.10 

106.2 

65.6 

0 . 0034 

0.82 

2.653 

9.073 

13.96 

23.90 

176.9 

97.5 

0.0033 

0.80 

2.653 

5 .  539 

18.19 

31.00 

268.0 

181.6 

0.0031 

0.75 

2.653 

9.073 

268.0 

124.4 

0.0031 

0.75 

2 .  653 

5.539 

18.26 

31.10 

283.5 

195.0 

0.0031 

0.75 

2.653 

9.073 

283.5 

139.6 

0.0031 

0.75 
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Table  7 

Thermal  Conductivity  of  Concrete 

Mixture  1:4 


Relative 

k 

k 

Cylinder 

Water 

Age 

ri 

r2 

I 

E 

ti 

t2 

c.  g.  s. 

British 

Mark 

Content 
Per  Cent 

Days 

cm. 

cm. 

Amp. 

Volts 

deg.  C. 

deg.  C. 

Physical 

Engi- 

neeiing 

1C 

110 

28 

2.616 

5.038 

15.28 

24.05 

161.4 

119.2 

0.0037 

0.90 

5.038 

8.293 

119.2 

94.2 

0.0047 

1.14 

2.616 

8.293 

161.4 

94.2 

0.0041 

0.99 

2.616 

5.038 

19.81 

32.61 

322.5 

240.5 

0.0033 

0.80 

5.038 

8.293 

240.5 

168.8 

0 . 0029 

0.70 

2.616 

8.293 

322.5 

168.8 

0.0031 

0.75 

2C 

100 

28 

2.498 

4.406 

15.58 

26.75 

176.8 

136.2 

0.0038 

0.92 

4.406 

6.693 

136.2 

111.7 

0 . 0046 

1.11 

2.498 

6 .  693 

176.8 

111.7 

0.0041 

0.99 

3C 

110 

28 

2.440 

6.455 

15.61 

24.1 

192.9 

116.9 

0.0031 

0.75 

6.455 

7.395 

116.9 

107.8 

0.0036 

0.87 

2.440 

7.395 

192.9 

107.8 

0 . 0032 

0.77 

3C 

110 

120 

2.440 

6.455 

15.00 

25.95 

199.6 

133.8 

0 . 0037 

0.90 

6.455 

7.395 

133.8 

121.4 

0.0028 

0.68 

2.440 

7.395 

199.6 

121.4 

0.0036 

0.87 

3C 

110 

140 

2.440 

6.455 

7.52 

12.21 

65.2 

50.8 

0 . 0040 

0.97 

2.440 

7.395 

65.2 

50.1 

0.0043 

1.04 

3C 

110 

150 

2.440 

6.455 

19.14 

32.81 

317.3 

196.0 

0 . 0036 

0.87 

4C 

110 

28 

2 .  639 

3.679 

16.41 

26.00 

198.3 

177.8 

0.0044 

1.06 

3.679 

9.469 

177.8 

104.1 

0 . 0035 

0.85 

2.639 

9.464 

198.3 

104.1 

0.0037 

0.90 

5C 

110 

28 

2.700 

5.852 

16.41 

28.50 

207.7 

148.0 

0.0039 

0.94 

2.700 

9.125 

207.7 

122.4 

0.0043 

1.04 

6C 

100 

28 

5.569 

9.103 

15.90 

27.55 

158.5 

122.1 

0.0037 

0.90 

6C 

100 

120 

5.569 

9.103 

14.96 

25.9 

142.4 

108.5 

0.0036 

0.87 

4.588 

9.103 

159.9 

108.5 

0.0033 

0.80 

7C 

100 

28 

2.494 

6.998 

15.84 

27.85 

234.2 

143.2 

0.0032 

0.77 

6.998 

8.725 

143.2 

125.5 

0.0035 

0.85 

2.494 

8.725 

234.2 

125.5 

0 . 0033 

0.80 

7C 

100 

120 

2.494 

6.998 

14.93 

26.20 

216.2 

128.9 

0.0030 

0.73 

2.494 

8.725 

216.2 

118.5 

0.0032 

0.77 

8C 

120 

28 

2.232 

5.966 

15.21 

26.35 

232.5 

147.8 

0.0030 

0.73 

5.966 

9.467 

147.8 

114.0 

0.0035 

0.85 

2.232 

9.467 

232.5 

114.0 

0.0032 

0.77 

8C 

120 

120 

2.232 

5.966 

14.93 

26.05 

229.0 

136.8 

0.0028 

0.68 

IOC 

120 

28 

2.563 

5.588 

16.01 

27.35 

238.6 

152.9 

0.0026 

0.63 

5.588 

9.075 

152.9 

113.8 

0.0035 

0.85 

2.563 

9.075 

238.6 

113.8 

0.0029 

0.70 

IOC 

120 

120 

2.563 

5.588 

17.61 

31.15 

273.4 

186.9 

0.0033 

0.80 

5.588 

9.075 

186.9 

133.6 

0.0033 

0.80 

2.563 

9.075 

273.4 

133.6 

0 . 0033 

0.80 

2.563 

9.075 

14.92 

26.25 

216.2 

118.3 

0 . 0034 

0.82 

IOC 

120 

140 

2.563 

5.588 

7.53 

12.31 

66.2 

56.8 

0.0051 

1.23 

5.588 

9.075 

56.8 

47.2 

0.0031 

0.75 

2.563 

9.075 

66.2 

47.2 

0.0041 

0.99 
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Table  8 

Thermal  Conductivity  of  Concrete 

Mixture  1:5 


Relative 

k 

k 

Cylinder 

Water 

Age 

ri 

l'2 

I 

E 

ti 

t2 

c.  g.  s. 
Physical 

British 

Mark 

Content 
Per  Cent 

Days 

cm. 

cm. 

Amp. 

Volts 

deg.  C. 

deg.  C. 

Engi- 
neering 

IB 

110 

28 

2.531 

8.890 

72.3 

7.12 

244.7 

128.0 

0 . 0035 

0.84 

IB 

110 

28 

2.531 

8.890 

90.0 

8.71 

360.1 

176.4 

0.0034 

0.82 

3B 

110 

28 

2.651 

3.298 

12   (15 

19.00 

116.0 

105.1 

0.0037 

0.90 

3.298 

7 .  595 

105.0 

80.8 

0.0041 

0.99 

2.651 

7.595 

116.0 

80.8 

0 . 0045 

1.09 

4B 

110 

28 

2.610 

6.014 

12.05 

20.95 

101.2 

83.4 

0.0035 

0.85 

2.610 

8.510 

101.2 

71.5 

0 . 0040 

0.97 

5B 

110 

28 

2.512 

4.666 

11.83 

20.30 

122.2 

96.7 

0.0037 

0.90 

4  666 

8.522 

96.7 

75.3 

0.0035 

0.85 

2.512 

8 .  522 

122.2 

75.3 

0 . 0033 

0.80 

2.512 

4.666 

19.80 

29.65 

290.8 

233 . 6 

0.0041 

0.99 

1  666 

S .  522 

233 . 6 

170.9 

0 . 0036 

0  87 

2.512 

S .  522 

290.8 

170.9 

0.0039 

0.94 

2.512 

4.666 

154.6 

115.8 

0.0041 

0.99 

4.666 

8 .  522 

115.8 

96.2 

0.0040 

0.97 

2.512 

8  522 

154.6 

96.2 

0.0040 

0.97 

6B 

100 

28 

2.474 

6.064 

16.02 

25.4 

210.7 

146.7 

0.0039 

0.94 

6.064 

9.181 

146.7 

114.5 

0.0034 

0.82 

2 .  471 

9.181 

210.7 

114.5 

0.0036 

0.87 

6B 

100 

120 

2.474 

6.064 

14.93 

26.10 

211.0 

138.8 

0.0032 

0.77 

6.064 

9    is! 

138.8 

110.0 

0.0037 

0.89 

2.474 

9.  181 

211.0 

110.0 

0.0034 

0.82 

7B 

120 

28 

2.308 

7.043 

15.08 

26 .  70 

235.3 

129.6 

0.0028 

0.68 

7.043 

8 .  550 

129.6 

116.3 

0.0038 

0.92 

2 .  308 

8 .  550 

235 . 3 

116.3 

0.0029 

0.70 

7B 

120 

120 

2.308 

7.043 

14  92 

26.01 

232.9 

126.3 

0.0027 

0.65 

7.043 

8  550 

126.3 

110.6 

0.0031 

0.75 

2.308 

8 .  550 

232.9 

110.6 

0 . 0027 

0.65 

2.308 

7.043 

7.73 

12.54 

SO.  3 

54.8 

0.0028 

0.68 

7.043 

8 .  550 

54.8 

49.0 

0.0021 

0.51 

2.308 

8.550 

80.3 

49.0 

0 . 0027 

0.65 

7B 

120 

150 

2 .  308 

7 .  043 

19   14 

32.70 

375.5 

188.9 

0.0025 

0.61 

7.043 

8 .  550 

188.9 

157.7 

0.0025 

0.61 

2.308 

8.550 

375 . 5 

157.7 

0 . 0025 

0.61 

8B 

120 

28 

4.788 

5.586 

15.09 

26.40 

163.6 

154.3 

0.0043 

1.04 

5.586 

9.288 

154.3 

114.4 

0.0033 

0.80 

4.788 

9.288 

163.6 

114.4 

0.0034 

0.82 

8B 

120 

120 

4.788 

5.586 

14.94 

25.91 

162.9 

145.7 

0.0025 

0.60 

5 .  586 

9.288 

145.7 

107.4 

0.0034 

0.80 

4.788 

9.288 

162.9 

107.4 

0 . 0030 

0.73 

9B 

120 

28 

2.304 

6.754 

15.64 

27.45 

238.5 

136.8 

0.0029 

0.70 

6.754 

9.187 

136.8 

109.0 

0.0031 

0.75 

2.304 

9.187 

238.5 

109.0 

0 . 0030 

0.73 

9B 

120 

120 

2 .  304 

6.754 

17.61 

30.61 

293.0 

162.1 

0 . 0028 

0.68 

6.754 

9.187 

162.1 

133.4 

0.0036 

0.87 

2 .  304 

9.187 

293.0 

133.4 

0 . 0030 

0.73 

9B 

•    120 

140 

2.304 

6.754 

7.73 

12.60 

78.2 

51.7 

0.0026 

0.63 

6.754 

9.187 

51.7 

46.3 

0.0035 

0.85 

2  304 

9.187 

78.2 

46.3 

0.0027 

0.65 
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Table  9 

Thick mal  Conductivity  of  Concrete 

Mixture  1:7 


Relative 

k 

k 

Cylinder 

Water 

Age 

l'i 

1'2 

I 

E 

tl 

t2 

e.  g.  s. 

British 

Mark 

Content 
Per  Cent 

Days 

cm. 

cm. 

Amp. 

Volts 

deg.  C. 

deg.  C. 

Physical 

Engi- 
neering 

IF 

110 

28 

5.224 

7.641 

16.72 

27.15 

167.4 

137.8 

0 . 0036 

0.87 

3.395 

7.641 

190.1 

137.8 

0.0043 

1.04 

2F 

110 

28 

4.599 

8.178 

16.71 

28.85 

178.4 

128.8 

0.0036 

0.87 

3F 

120 

28 

2.468 

5.463 

15.76 

24.40 

216.3 

142.0 

0.0027 

0.65 

5.463 

7.058 

142.0 

119.4 

0.0028 

0.68 

2.468 

7.058 

216.3 

119.4 

0 . 0027 

0.65 

3F 

120 

120 

5 .  463 

7.058 

15.61 

27.10 

152.4 

130.3 

0.0032 

0.77 

4F 

120 

28 

5.724 

8.096 

15.76 

27.10 

148.8 

117.5 

0.0031 

0.75 

3 .  787 

8.096 

173.7 

117.5 

0.0031 

0.75 

5F 

110 

28 

5.190 

8.772 

15.55 

23.25 

141.9 

114.1 

0 . 0044 

1.06 

3.050 

8.772 

194.3 

114.1 

0.0031 

0.75 

5F 

110  - 

120 

3.050 

5.190 

15.62 

27.30 

196.0 

155.0 

0 . 0037 

0.90 

5,190 

8.772 

155.0 

120.6 

0.0043 

1.04 

3.050 

8.772 

196.0 

120.6 

0.0040 

0.97 

5F 

110 

140 

3.050 

5.190 

7.47 

12.1.5 

65.0 

55.5 

0.0041 

0.99 

5.190 

8.772 

55.5 

48.3 

0.0043 

1.04 

3.050 

8.772 

65.0 

48.3 

3.0037 

0.90 

6F 

120 

28 

2.296 

6.491 

15.70 

27.20 

224.7 

148.7 

0.0037 

0.90 

6.491 

9.174 

148.7 

110.8 

0.0026 

0.63 

2.296 

9.174 

224.7 

110.8 

0.0033 

0.80 

Table  10 

Thermal  Conductivity  of  Concrete 

Mixture  1:9 


Relative 

k 

k 

Cylinder 

Water 

Age 

Ti 

r2 

I 

E 

ti 

t2 

c.  g.  s. 

British 

Mark 

Content 
Per  Cent 

Days 

cm. 

cm. 

Amp. 

Volts 

deg.  C. 

deg.  C. 

Physical 

Engi- 
neering 

1G 

110 

28 

2.362 

4.828 

16.1 

25.3 

234.0 

155.4 

0.0024 

0.58 

2G 

110 

28 

3.642 

5.232 

16.08 

27.70 

190.7 

161.0 

0.0035 

0.85 

5.232 

7.976 

161.0 

126.6 

0.0035 

0.85 

3.642 

7.976 

190.7 

126.6 

0.0035 

0.85 

2G 

110 

120 

3.642 

5.232 

15.38 

26.30 

172.4 

150.3 

0.0044 

1.06 

5.232 

7.976 

150.3 

119.6 

0.0037 

0.90 

3.642 

7.976 

172.4 

119.6 

0.0040 

0.97 

3G 

110 

28 

3.315 

5.595 

16.00 

24.00 

194.9 

150.8 

0.0030 

0.73 

5 .  595 

7 .  495 

150.8 

130.1 

0.0035 

0.85 

3.315 

7.495 

194.9 

130.1 

0.0031 

0.75 

3G 

110 

120 

3.315 

7.495 

15.27 

26.65 

174.5 

118.5 

0.0038 

0.92 

3G 

110 

150 

3.315 

5.595 

7.55 

12.44 

58.8 

53.4 

0.0060 

1.45 

5.595 

7.495 

53.4 

50.0 

0.0054 

1.30 

3.315 

7.495 

58.8 

50.0 

0 . 005S 

1.41 

3G 

110 

150 

3.315 

7.495 

19.13 

32.65 

259.4 

172.5 

0.0038 

0.92 

4G 

110 

28 

4.589 

4 .  978 

15.97 

26.50 

170.0 

164.2 

0.0038 

0.92 

4.978 

7.611 

164.2 

133.4 

0.0038 

0.92 

4.587 

7.611 

170.0 

133.4 

0.003S 

0.92 

4G 

110 

120 

4.589 

4.978 

15.27 

26.85 

159.9 

154.6 

0.0042 

1.02 

4.978 

7.611 

154.6 

121.7 

0.0035 

0.85 

4.589 

7.611 

159.9 

121.7 

0.0036 

0.87 

5G 

120 

28 

2.316 

5.234 

15.55 

23.20 

228.8 

162.8 

0.0029 

0.70 

5.234 

9.134 

162.8 

112.9 

0 . 0026 

0.63 

2.316 

9.134 

228.8 

112.9 

0.0027 

0.65 

28 
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Table  11 
Thermal  Conductivity  of  "Alabama  White"  Marble 


k 

k 

ri 

r2 

I 

E 

tl 

t2 

c.  g.  s. 

British 

cm. 

cm. 

Amp. 

Volts 

deg.  C. 

deg.  C. 

Physical 

Engineering 

2.890 

6.401 

7.25 

11.71 

58.7 

51.5 

0 . 0063 

1.52 

6.401 

8.911 

51.5 

48.3 

0.0059 

1.43 

2.890 

6.401 

9.53 

16.10 

79.9 

67.4 

0.0065 

1.57 

6.401 

8.911 

67.4 

62.3 

0.0066 

1.60 

2.890 

8.911 

79.9 

62.3 

0 . 0066 

1.60 

2.890 

6.401 

10.18 

17.20 

88.6 

71.6 

0.0055 

1.33 

6.401 

8.911 

71.6 

65.1 

0.0061 

1.48 

2.890 

8.911 

88.6 

65.1 

0.0056 

1.36 

6.401 

8.911 

12.87 

22.05 

101.6 

91.5 

0.0062 

1.50 

2.890 

6.401 

128.4 

101.6 

0.0055 

1.33 

2.890 

8.911 

128.4 

91.5 

0 . 0059 

1.43 

2.890 

6.401 

13.83 

23.50 

146.7 

114.0 

0.0053 

1.28 

6.401 

8.911 

114.0 

99.9 

0.0055 

1.33 

2.890 

8.911 

146.7 

99.9 

0.0052 

1.26 

2.890 

6.401 

13.96 

24.00 

147.9 

110.4 

0.0048 

1.16 

6.401 

8.911 

110.4 

96.8 

0.0054 

1.31 

2.890 

8.911 

147.9 

96.8 

0.0049 

1.19 

2.890 

6.401 

14.58 

24.90 

160.3 

124.1 

0.0053 

1.28 

6.401 

8.911 

124.1 

107.9 

0.0050 

1.21 

2.890 

8.911 

160.3 

107.9 

0.0052 

1.26 

6.401 

8.911 

18.19 

31.11 

147.0 

119.4 

0.0045 

1.09 

2.890 

6.401 

219.6 

147.0 

0.0041 

0.99 

2.890 

8.911 

219.6 

119.4 

0.0042 

1.02 

6.401 

8.911 

18.27 

31.25 

160.4 

133.3 

0.0047 

1.14 

2.890 

6.401 

235.2 

160.4 

0.0041 

0.99 

2.890 

8.911 

235.2 

133.3 

0.0042 

1.02 

Table  12 
dlffusivity  of  concrete  and  marble 


Relative 

Water 

Content 

Per  Cent 

Density 

Conductivity 

Specific  Heat 

Diffusivity 

Mixture 

gms.   per 
c.  c. 

lbs.  per 
cu.  ft. 

c.  g.  s. 
Physical 

British 
Engi- 
neering 

Per 
deg.  C. 

Per 
deg.  F. 

c.  g.  s. 
Physical 

British 
Engi- 
neering 

"Neat" 

1-2 

1-3 

1-4 

1-5 

1-7 

1-9 
Marble 

110 
110 
110 
110 
110 
110 
110 

1.83 
2.26 
2.28 
2.29 
2.29 
2.23 
2.16 
2.71 

114 
141 
142 
143 
143 
139 
135 
169 

0.00147 
0.00344 
0.00379 
0.00352 
0 .00323 
0.00384 
0.00352 
0.00613 

0.356 
0.832 
0.917 
0.852 
0.782 
0.929 
0.852 
1.483 

0.278 
0.216 
0.218 
0.218 
0.217 
0.227 
0.223 
0.213 

0.153 
0.119 
0.121 
0.121 
0.120 
0.126 
0.124 
0.118 

0.00289 
0.00705 
0 .00762 
0.00705 
0.00650 
0 .00758 
0 .00732 
0.01059 

0.0204 
0.0492 
0.0533 
0.0493 
0.0455 
0.0530 
0.0509 
0.0739 
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VI.     Summary  of  Results  and  Conclusions 

11.  Summary  of  Results. — In  the  following  tables  may  be  found 
a  summary  of  the  detailed  observations  and  calculations  contained  in 
Tables  4  to  11. 

Table  13  gives  the  average  thermal  conductivities  of  the  different 
mixtures  tested,  at  different  temperatures ;  the  values  found  in  the 
table  have  been  arrived  at  by  collecting  and  averaging  the  values  given 
in  Tables  4  to  11. 

Table  14  gives  the  average  thermal  conductivities,  at  different 
temperatures,  for  mixtures  in  which  different  amounts  of  water  were 


Table  13 

Average  Thermal  Conductivities  of  Different  Mixtures  of  Concrete, 

and  of  Marble,  at  Different  Temperatures 

(Averaged  from   Tables  3   to   10.) 


Mixture 
By  Volumes 

50°  C.  to  100°  C. 
120°  F.  to  212°  F. 

100°  C.  to  200°  C. 
212°  F.  to  390°  F. 

200°  C.  to  300°  C. 
390°  F.  to  570°  F. 

Cement: 
Aggregate 

Cement: 
Sand: 
Gravel 

k 

c  g.  s. 

Physical 

k 
British 
Engi- 
neering 

k 

c.  g.  s. 

Physical 

k 
British 
Engi- 
neering 

k 

c.  g.  s. 

Physical 

k 
British 
Engi- 
neering 

"Neat" 

1-2 

1-3 

1-4 

1-5 

1-7 

1-9 
Marble 

1-1.2-1.1 
1-1.9-1.7 
1-2.4-2.3 
1-3.1-3.0 
1-4.3-4.0 
1-5.6-5.1 

0.00140 
0.00326 
0.00335 
0.00413 
0.00327 
0.00400 
0.00574 
0.00614 

0.339 

0.789 

0.811 

0.995 

0.791 

0.968 

1.39 

1.49 

0.00163 
0.00344 
0.00379 
0.00352 
0.00323 
0.00384 
0.00352 
0.00493 

0.394 
0.832 
0.917 
0.852 
0.782 
0.929 
0.852 
1.19 

0.00140 
0.00318 
0.00318 
0.00328 
0.00334 

0.339 
0.770 
0.770 
0.794 
0.808 

Table  14 

Variation  of  Conductivity  with  Eelative  Water  Content 

(Summarized  from   Tables  4  to   9.) 


k  in  c.  g.  s.  Physical  Units 

k  in  c.  g.  s.  Physical  Units 

Relative 
Water 

Mix- 

Relative 
Water 

Mix- 

ture 

Content 

50°  C. 

100°  C. 

200°  C. 

ture 

Content 

50°  C. 

100°  C. 

200°  C. 

Per  Cent 

to 

to 

to 

Per  Cent 

to 

to 

to 

100°  C. 

200°  C. 

300°  C. 

100°  C. 

200°  C. 

300°  C. 

1:2 

100 

0.00365 

0.00322 

0.00320 

1:5 

100 

0.00353 

110 

0.00300 

0.00332 

0.00310 

110 

0.00381 

0.00380 

0.00380 

120 

0.00317 

120 

0.00273 

0.00305 

0.00270 

1:3 

100 

0.00347 

0.00365 

0.00340 

1:7 

110 

0.00402 

0.00387 

110 

0 . 00343 

0.00391 

120 

0.00300 

120 

0.00353 

0 . 00345 

0.00310 

1:9 

110 

0.00573 

0.00359 

1:4 

100 
110 
120 

0.00415 
0.00410 

0.00357 
0.00373 
0.00316 

0.00322 

120 

0.00273 
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Table  15 
Effect  of  Age  on  Conductivity 
(Summarized  from  Tables  4  to  9.) 


Relative 

k 

c.  g.  s. 

Physical 

Relative 

k 

c.  g.  s. 

Physical 

Mixture 

Water 
Content 
Per  Cent 

Age 
Days 

Mixture 

Water 
Content 
Per  Cent 

Age 
Days 

1:2 

110 

28 

0 . 00335 

1:5 

120 

28 

0.00330 

120 

0.0033 1 

120 

0.00297 

1:3 

110 

28 

0.00398 

1:7 

110 

28 

0.00380 

120 

0 . 00365 

120 

0.00380 

1:4 

110 

.28 

0.0037(i 

1:9 

110 

28 

0.00340 

120 

0.00337 

120 

0.00387 

used;    the  values  have  been  arrived  at  by  averaging  the  values  given 
in  Tables  5  to  10. 

Table  15  gives  the  average  thermal  conductivities  for  mixtures  of 
different  ages.  The  values  have  been  obtained  for  only  a  few  of  the 
mixtures,  and  for  one  water  content  only  in  each  case. 

12.  General  Conclusions. — From  Table  13  it  can  be  seen  that  the 
neat  cement  had  a  much  lower  thermal  conductivity  than  any  of 
the  sand  and  gravel  concrete  mixtures ;  in  fact,  the  thermal  con- 
ductivity of  the  neat  cement  is  scarcely  half  that  of  the  1 :2  mixture. 

In  the  case  of  the  sand  and  gravel  concrete  mixtures,  the  figures 
in  the  table  also  show  that  there  is  practically  no  difference  in  thermal 
conductivity  due  to  the  relative  "richness"  or  "leanness"  in  cement 
of  a  mixture,  at  any  rate  for  the  range  of  temperature  of  100  deg.  C. 
to  200  deg.  C.  The  values,  as  previously  noted,  are  probably  more 
accurate  for  this  range  than  for  lower  temperatures,  on  account  of  the 
number  and  character  of  the  observations. 

From  the  values  given  in  Table  12  for  the  densities  of  the  various 
materials  it  can  he  calculated  that  the  voids  in  the  sand  and  gravel 
concrete  mixture  range  from  16  to  20  per  cent;  while  in  the  case  of 
the  neat  cement  the  percentage  of  voids  is  about  42.  It  seems  probable 
that  the  proportion  of  solid  material  to  voids  to  a  large  extent  deter- 
mines the  conductivity,  and  this  accounts  for  the  fact  that  the  thermal 
conducivity  of  the  neat  cement  is  so  much  lower  than  that  of  the  con- 
crete mixtures,  and  that  the  conductivities  of  the  different  mixtures 
are  so  nearly  the  same.  The  same  table  shows  that  the  thermal  con- 
ductivity of  a  stone,  like  marble,  is  much  greater  than  that  of  a 
concrete  mixture. 
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The  figures  given  in  Table  14  appear  to  indicate  that  as  far  as 
consistency  is  concerned  the  maximum  thermal  conductivity  occurs 
with  a  relative  water  content  of  about  110  per  cent;  for  relative 
water  contents  of  100  or  120  per  cent  the  thermal  conductivity  is 
generally  lower. 

From  Table  15  it  can  be  seen  that  age  has  little  if  any  effect 
on  the  thermal  conductivity  of  concrete.  If  there  is  any  change, 
there  is  a  slight  decrease  in  thermal  conductivity  with  age,  but  this 
is  small,  and  may  be  due  to  very  small  changes  in  absolute  moisture. 

Most  of  the  cylinders  cracked  at  temperatures  under  300  cleg.  C, 
and  that  fact  limited  the  range  of  the  investigation.  In  general, 
the  richer  mixtures  of  concrete  cracked  at  lower  temperatures  than 
the  leaner  mixtures.  The  results  indicate  that  there  is  very  slight, 
if  any,  change  of  conductivity  with  change  of  temperature,  for  con- 
crete; for  marble,  there  is  a  marked  decrease  in  conductivity  with 
rise  of  temperature. 

In  Table  16  are  reproduced  the  results  of  the  experiments  of 
Professor  C.  L.  Norton,  to  which  reference  has  already  been  made.* 


Table  16 

Earlier  Determinations  of  Conductivity  of  Concrete 

(From  experiments  of  Professor  C.  L.  Norton.) 


Temperatures — degrees  C. 

Mixture 

k—c.  g.  s.  Physical  Unit 

35 

Stone  1-2-5 

0.00216 

50 

Stone  1-2-4 

Not  stamped 

0.00110  to  U. 00160 

50 

Cinder  1-2-4 

0.00081 

200 

Stone  1-2-4 

0.0021 

400 

Stone  1-2-4. 

0.0022 

500 

Stone  1-2-4 

0.0023 

1000 

Stone  1-2-4 

0.0027 

1100 

Stone  1-2-4 

0.0029 

Professor  Norton's  method  at  the  lower  temperatures  was,  as  he 
names  it,  the  "flat-plate"  method.  For  the  higher  temperatures 
he  used  a  cylinder  of  concrete  cast  about  a  steel  bar  which  was 
heated  by  the  passage  of  a  heavy  electric  current.  He  gives  practi- 
cally no  details,  describing  his  investigation  "in  outline  only."  The 
table  indicates  a  small  increase  of  thermal  conductivity  with  increase 
of  temperature.     As  the  methods  employed  in  his  determinations  at 


*  Proceedings   of    National   Association    of    Concrete    Users,    Vol.    VII,    article   by    C.    L. 
Norton.      1911. 
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lower  temperatures  are  not  the  same  as  those  for  higher  temperatures, 
the  results  are  not  very  conclusive.  The  values  of  absolute  con- 
ductivity are  considerably  lower  than  those  found  in  the  present 
investigation,  but  it  is  impossible  to  identify  the  mixtures  used. 

Willard  and  Lichty*  give  for  the  thermal  conductivity  of  a 
1 :2 :4  concrete  mixture  the  value  8.3  ' '  per  1-inch  thickness  per  sq. 
ft.  per  1  deg.  P.";  this  is  equivalent  to  0.00296  in  the  c.g.s.  physical 
units.  The  method  of  determination  employed  was  a  "hot-air  box 
method,"  a  method  specially  useful  for  their  purpose  in  testing 
materials  used  for  the  walls  of  buildings. 

From  the  present  investigation,  for  the  more  commonly  used 
concrete  mixtures,  that  is,  those  with  proportions  of  cement  to  aggre- 
gate of  1 :3  to  1 :7,  the  following  average  values  of  thermal  conductiv- 
ity and  thermal  diffusivity  appear  established :  for  the  c.g.s.  physical 
unit  system,  for  the  range  of  temperature  between  50  deg.  C.  and  200 
deg.  C,  the  average  thermal  conductivity  is  0.00366,  and  the  average 
thermal  diffusivity,  0.00719 ;  for  the  British  engineering  unit  system, 
for  the  range  of  temperatures  between  120  deg.  P.  and  390  deg.  F., 
the  average  thermal  conductivity  is  0.904,  and  the  average  thermal 
diffusivity,  0.0503.  These  values  are  for  thoroughly  dry  concrete, 
of  the  stone-concrete  mixture  described. 

While  the  values  for  such  physical  constants  as  thermal  con- 
ductivity and  thermal  diffusivity,  for  a  material  like  concrete,  are 
necessarily  averages,  and  subject  to  the  variation  of  averages,  yet 
they  are  probably  as  definite  as  other  physical  constants  for  struc- 
tural materials,  and  particularly  so  when  the  average  values  are 
obtained  for  a  considerable  number  of  specimens,  as  in  this  investi- 
gation. 


*  "A   Study  of  the  Heat  Transmission  of  Building  Materials,"   Univ.  of  111.   Eng.   Exp. 
Sta.  Bui.   No.   102,    1917. 
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of  1906,  by  Arthur  N.  Talbot.    1907.   None  available. 

Bulletin  No.  11.  The  Effect  of  Scale  on  the  Transmission  of  Heat  through 
Locomotive  Boiler  Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.  1907. 
None  available. 

Bulletin  No.  IX.  Tests  of  Reinforced  Concrete  T-Beams,  Series  of  1906,  by 
Arthur  N.  Talbot.    1907.   None  available. 

Bulletin  No.  IS.  An  Extension  of  the  Dewey  Decimal  System  of  Classifica- 
tion Applied  to  Architecture  and  Building,  by  N.  Clifford  Ricker.  1906.  None 
available. 

Bulletin  No.  14.  Tests  of  Reinforced  Concrete  Beams,  Series  of  1906,  by 
Arthur  N.  Talbot.    1907.    None  available. 
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Bulletin  No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Breck 
enridge.    1907.   None  available. 

Bulletin  No.  16.  A  Study  of  Roof  Trusses,  by  N.  Clifford  Ricker.  1907. 
None  available. 

Bulletin  No.  17.  The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  Hamilton, 
and  W.  F.  Wheeler.    1907.   None  available. 

Bulletin  No.  18.  The  Strength  of  Chain  Links,  by  G.  A.  Goodenough  and 
L.  E.  Moore.   1907.  Forty  cents. 

Bulletin  No.  19.  Comparative  Tests  of  Carbon,  Metallized  Carbon,  and  Tan- 
talum Filament  Lamps,  by  T.  H.  Amrine.    1907.   None  available. 

Bulletin  No.  20.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series 
of  1907,  by  Arthur  N   Talbot.   1907.   None  available. 

Bulletin  No.  21  Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M.  Gar- 
land.  1908.   Fifteen  cents. 

Bulletin  No.  22.  Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe, 
by  Arthur  N.  Talbot.   1908.   None  available. 

Bulletin  No.  23.  Voids,  Settlement,  and  Weight  of  Crushed  Stone,  by  Ira  O. 
Baker.    1908.    Fifteen  cents. 

^Bulletin  No.  24.  The  Modification  of  Illinois  Coal  by  Low  Temperature  Dis- 
tillation, by  S.  W.  Parr  and  C.  K.  Francis.   1908.    Thirty  cents. 

Bulletin  No.  25.  Lighting  Country  Homes  by  Private  Electric  Plants,  by 
T.  H.  Amrine.    1908.    Twenty  cents. 

Bulletin  No.  26.  High  Steam-Pressure  in  Locomotive  Service.  A  Review  of  a 
Report  to  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.  1908. 
Twenty-five  cents. 

Bulletin  No:  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by 
Arthur  N.  Talbot  and  Duff  A.  Abrams.    1908.    Twenty-five  cents. 

Bulletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by 
Arthur  N.  Talbot.    1908.   Fifteen  cents. 

Bulletin  No.  29.  Tests  of  Reinforced  Concrete  Beams:  Resistance  to  Web 
Stresses,  Series  of  1907  and  1908,  by  Arthur  N.  Talbot.    1909.   Forty-five  cents. 

Bulletin  No.  30.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Pro- 
ducers, by  J.  K.  Clement,  L.  H.  Adams,  and  C.  N.  Haskins.  1909.  Twenty-five 
cents. 

Bulletin  No.  31.  Tests  with  House-Heating  Boilers,  by  J.  M.  Snodgrass.  1909. 
Fifty -five  cents. 

Bulletin  No.  32.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry 
Barker.   1909.   Fifteen  cents. 

Bulletin  No.  S3.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Guell. 
1909.    Twenty  cents. 

*Bulletin  No.  34.  Tests  of  Two  Types  of  Tile-Roof  Furnaces  under  a  Water 
Tube  Boiler,  by  J.  M.  Snodgrass.    1909.   Fifteen  cents. 
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Bulletin  No.  35.  A  Study  of  Base  and  Bearing  Plates  for  Columns  and 
Beams,  by  N.  Clifford  Kicker.    1909.    None  available. 

Bulletin  No.  36.  The  Thermal  Conductivity  of  Fire-Clay  at  High  Temper- 
atures, by  J.  K.  Clement  and  W.  L.  Egy.   1909.    Twenty  cents. 

Bulletin  No.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr 
and  W.  F.  Wheeler.    1909.   None  available. 

Bulletin  No.  38.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler 
1909.    Twenty-five  cents. 

* Bulletin  No.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney. 
1909.   Seventy-five  cents. 

Bulletin  No.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M. 
Garland.    1909.    Ten  cents. 

Bulletin  No.  41.  Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.  1909.  Thirty 
five  cents. 

*Bulletin  No.  42.  The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Her- 
bert F.  Moore.   1909.    Ten  cents. 

Bulletin  No.  43.  Freight  Train  Resistance,  by  Edward  C.  Schmidt.  1910 
Seventy-five  cents. 

Bulletin  No.  44.  An  Investigation  of  Built-up  Columns  under  Load,  by 
Arthur  N.  Talbot  and  Herbert  F.  Moore.    1910.    Thirty-five  cents. 

*Bulletin  No.  45.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert 
L.  Whittemore.    1910.    Thirty-five  cents. 

Bulletin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and 
F.  W.  Kressman.    1910.    Forty-five  cents. 

'Bulletin  No.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B. 
Stephenson.    1910.    Twenty-five  cents. 

'Bulletin  No.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by 
Arthur  N.  Talbot  and  Melvin  L.  Enger.   1911.  Forty  cents. 

'Bulletin  No.  49.  Tests  of  Nickel-Steel  Riveted  Joints,  by  Arthur  N.  Talbot 
and  Herbert  F.  Moore.    1911.    Thirty  cents. 

'Bulletin  No.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and 
A.  P.  Kratz.   1911.   Fifty  cents. 

Bulletin  No.  51.  Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.  1911. 
Thirty-five  cents. 

'Bulletin  No.  52.  An  Investigation  of  the  Strength  of  Rolled  Zinc,  by  Herbert 
F.  Moore.    1911.   Fifteen  cents. 

'Bulletin  No.  53.  Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner. 
1912.   Forty  cents. 

*  Bulletin  No.  54.  Mechanical  Stresses  in  Transmission  Lines,  by  A.  Guell. 
1912.   Twenty  cents. 

'Bulletin  No.  55.  Starting  Currents  of  Transformers,  with  Special  Reference 
to  Transformers  with  Silicon  Steel  Cores,  by  Trygve  D.  Yensen.  1912.  Twenty 
cents. 


*  A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 
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"Bulletin  No.  56.  Tests  of  Columns:  An  Investigation  of  the  Value  of  Con- 
crete as  Beinforcement  for  Structural  Steel  Columns,  by  Arthur  N.  Talbot  and 
Arthur  R.  Lord.   1912.    Twenty-five  cents. 

"Bulletin  No.  57.  Superheated  Steam  in  Locomotive  Service.  A  Review  of 
Publication  No.  127  of  the  Carnegie  Institution  of  Washington,  by  W.  F.  M 
Goss.   1912.  Forty  cents. 

"Bulletin  No.  58.  A  New  Analysis  of  the  Cylinder  Performance  of  Reciprocat- 
ing Engines,  by  J.  Paul  Clayton.   1912.   Sixty  cents. 

"Bulletin  No.  59.  The  Effect  of   Cold   Weather   upon   Train   Resistance  and 

Tonnage  Rating,  by  Edward  C.  Schmidt  and  F.  W.  Marquis.   1912.   Twenty  cents. 

Bulletin  No.  60.  The  Coking  of  Coal  at  Low  Temperature,  with  a  Preliminary 

Study  of  the  By-Products,  by  S.  W.  Parr  and  H.  L.  Olin.   1912.   Twenty-five  cents. 

*Bullctin  No.  61.  Characteristics  and  Limitations  of  the  Series  Transformer, 
by  A.  R.  Anderson  and  H.  R.  Woodrow.   1912.   Twenty-five  cents. 

Bulletin  No.  62.  The  Electron  Theory  of  Magnetism,  by  Elmer  H.  Williams. 

1912.  Thirty-five  cents. 

Bulletin  No.  63.  Entropy-Temperature  and  Transmission  Diagrams  for  Air, 
by  C.  E.  Bichards.  1913.  Twenty-five  cents. 

"Bulletin  No.  64.  Tests  of  Beinforced  Concrete  Buildings  under  Load,  by 
Arthur  N.  Talbot  and  Willis  A.  Slater.   1913.   Fifty  cents. 

"Bulletin  No.  65.  The  Steam  Consumption  of  Locomotive  Engines  from  the 
Indicator  Diagrams,  by  J.  Paul  Clayton.    1913.   Forty  cents. 

Bulletin  No.  66.  The  Properties  of  Saturated  and  Superheated  Ammonia 
Vapor,  by  G.  A.  Goodenough  and  William  Earl  Mosher.    1913.   Fifty  cents. 

Bulletin  No.  67.  Beinforced  Concrete  Wall  Footings  and  Column  Footings, 
by  Arthur  N.  Talbot.   1913.   None  available. 

Bulletin  No.  68.  The  Strength  of  I-Beams  in  Flexure,  by  Herbert  F.  Moore. 

1913.  Twenty  cents. 

Bulletin  No.  69.  Coal  Washing  in  Illinois,  by  F.  C.  Lincoln.  1913.  Fifty 
cents. 

Bulletin  No.  70.  The  Mortar -Making  Qualities  of  Illinois  Sands,  by  C.  C. 
Wiley.    1913.    Twenty  cents. 

Bulletin  No.  71.  Tests  of  Bond  between  Concrete  and  Steel,  by  Duff  A. 
Abrams.    1913.    One  dollar. 

"Bulletin  No.  72.  Magnetic  and  Other  Properties  of  Electrolytic  Iron  Melted 
in  Vacuo,  by  Trygve  D.  Yensen.    1914.   Forty  cents. 

Bulletin  No.  73.  Acoustics  of  Auditoriums,  by  F.  B.  Watson.  1914.  Twenty 
cents. 

"Bulletin  No.  74.  The  Tractive  Besistance  of  a  28-Ton  Electric  Car,  by  Harold 
H.  Dunn.   1914.   Twenty-five  cents. 

Bulletin  No.  75.  Thermal  Properties  of  Steam,  by  G.  A.  Goodenough.  1914. 
Thirty-five  cents. 


A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 
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Bulletin  No.  76.  The  Analysis  of  Coal  with  Phenol  as  a  Solvent,  by  S.  W. 
Parr  and  H.  F.  Hadley.   1914.    Twenty-five  cents. 

•Bulletin  No.  77.  The  Effect  of  Boron  upon  the  Magnetic  and  Other  Prop- 
erties of  Electrolytic  Iron  Melted  in  Vacuo,  by  Trygve  D.  Yensen.  1915.  Ten 
oents. 

Bulletin  No.  78.  A  Study  of  Boiler  Losses,  by  A.  P.  Kratz.    1915.    Thirty 
five  cents. 

•Bulletin  No.  79.  The  Coking  of  Coal  at  Low  Temperatures,  with  Special  Bef 
erenco  to  the  Properties  and  Composition  of  the  Products,  by  S.  W.  Parr  and 
H.  L.  Olin.   1915.   Twenty-five  cents. 

Bulletin  No.  80.  Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,  by 
W.  M.  Wilson  and  G.  A.  Maney.   1915.   Fifty  cents. 

Bulletin  No.  81.  Influence  of  Temperature  on  the  Strength  of  Concrete,  by 
A.  B.  McDaniel.    1915.   Fifteen  cents. 

Bulletin  No.  82.  Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  C. 
Schmidt,  J.  M.  Snodgrass,  and  B.  B.  Keller.    1915.   Sixty-five  cents. 

'Bulletin  No.  88.  Magnetic  and  Other  Properties  of  Iron-Silicon  AlloyB, 
Melted  in  Vacuo,  by  Trygve  D.  Yensen.    1915.    Thirty-five  cents. 

Bulletin  No.  84.  Tests  of  Eeinforced  Concrete  Flat  Slab  Structures,  by 
Arthur  N.  Talbot  and  W.  A.  Slater.   1916.   Sixty-five  cents. 

•Bulletin  No.  85.  The  Strength  and  Stiffness  of  Steel  under  Biaxial  Loading, 
by  A.  J.  Becker.    1916.    Thirty -five  cents. 

Bulletin  No.  86.  The  Strength  of  I-Beams  and  Girders,  by  Herbert  F.  Moore 
and  W.  M.  Wilson.    1916.  Thirty  cents. 

•Bulletin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  University  of  Illi- 
nois, by  F.  B.  Watson  and  J.  M.  White.   1916.   Fifteen  cents. 

Bulletin  No.  88.  Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by 
E.  A.  Holbrook.  1916.  Seventy  cents. 

Bulletin  No.  89.  Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel. 
1916.    Thirty  cents. 

*Bulletin  No.  90.  Some  Graphical  Solutions  of  Electric  Bailway  Problems,  by 
A.  M.  Buck.    1916.    Twenty  cents. 

Bulletin  No.  91.  Subsidence  Eesulting  from  Mining,  by  L.  E.  Young  and 
H.  H.  Stoek.  1916.   None  available. 

•Bulletin  No.  92.  The  Tractive  Besistance  on  Curves  of  a  28-Ton  Electric 
Car,  by  E.  C.  Schmidt  and  H.  H.  Dunn.  1916.  Twenty-five  cents. 

*  Bulletin  No.  98.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper, 
and  Nickel,  by  D.  F.  McFarland  and  O.  E.  Harder.   1916.   Thirty  cents. 

•Bulletin  No.  94.  The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel, 
by  8.  W.  Parr.   1917.    Thirty  cents. 

•Bulletin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  Alloys 
Melted  in  Vacuo,  by  T.  D.  Yensen  and  W.  A.  Gatward.    1917.    Twenty-five  cents. 
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'Bulletin  No.  96.  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through 
a  Submerged  Short  Pipe,  by  Fred  B  Seely.    1917.    Twenty-five  cents. 

'Bulletin  No.  97.  Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W. 
Parr.   1917.   Twenty  cents. 

'Bulletin  No.  98.  Tests  of  Oxyacetylene  "Welded  Joints  in  Steel  Plates,  by 
Herbert  F.  Moore.   1917.    Ten  cents. 

Circular  No.  4.     The   Economical   Purchase   and    Use   of   Coal   for   Heating 
Homes,  with  Special  Reference  to  Conditions  in  Illinois.   1917.    Ten  cents. 

'Bulletin  No.  99.  The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman.  1917. 
Twenty  cents. 

'Circular  No.  5.  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bituminous 
Coal,  by  E.  A.  Holbrook.   1917.    Twenty  cents. 

'Bulletin  No.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special 
Reference  to  Illinois  Conditions,  by  C.  M.  Young.    1917. 

'Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mi- 
kado Locomotive,  by  E.  C.  Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.  1917. 
Fifty  cents. 

'Bulletin  No.  102.  A  Study  of  the  Heat  Transmission  of  Building  Materials, 
by  A.  C.  Willard  and  L.  C.  Lichty.    1917.    Twenty -five  cents. 

'Bulletin  No.  10S.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W. 
P.  Lukens.    1917.   Sixty  cents. 

'Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel 
Structures,  by  W.  M.  Wilson  and  H.  F.  Moore.  1917.  Twenty-five  cents. 

Circular  No.  6.       The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoek.    1918. 
Forty  cents. 

Circular  No.  7.       Fuel   Economy   in    the   Operation    of    Hand    Fired   Power 
Plants.    1918.    Twenty  cents. 

'Bulletin  No.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles, 
and  Orifice  Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  R.  Fleming,  and 
Melvin  L.  Enger.    1918.    Thirty-five  cents. 

'Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union 
Building,  by  Arthur  N.  Talbot  and  Harrison  F.  Gonnerman.    1918.    Twenty  cents. 
Circular  No.  8.       The  Economical  Use  of  Coal  in  Railway  Locomotives.   1918. 
Twenty  cents. 

'Bulletin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Con- 
crete Frames,  by  Mikishi  Abe.    1918.    Fifty  cents. 

'Bulletin  No.  108.  Analysis  of  Statistically  Indeterminate  Structures  by  the 
Slope  Deflection  Method,  by  W.  M.  Wilson,  F.  E.  Richart,  and  Camillo  Weiss. 
1918.    One  dollar. 

'Bulletin  No.  109.  The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  Water 
through  a  Pipe,  by  R.  E.  Davis  and  H.  H.  Jordan ,  1918.   Twenty-five  cents. 

'Bulletin  No.  110.  Passenger  Train  Resistance,  by  E.  C.  Schmidt  and  H.  H. 
Dunn.    1918.    Twenty  cents. 
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*Bulletin  No.  111.  A  Study  of  the  FormB  in  which  Sulphur  Occurs  in  Coal,  by 
A.  R.  Powell  with  S.  W.  Parr.    1919.    Thirty  cents. 

*Bulletin  No.  112.  Report  of  Progress  in  Warm-Air  Furnace  Research,  by 
A.  C.  Willard.    1919.    Thirty-five  cents. 

*Bulletin  No.  113.  Panel  System  of  Coal  Mining.  A  Graphical  Study  of  Per- 
centage of  Extraction,  by  C.  M.  Young.    1919. 

*Bulletin  No.  114.  Corona  Discharge,  by  Earle  H.  Warner  with  Jakob  Kunz. 

1919.  Seventy-five  cents. 

*  Bulletin  No.  115.  The  Relation  between  the  Elastic  Strengths  of  Steel  in 
Tension,  Compression,  and  Shear,  by  F.  B.  Seely  and  W.  J.  Putnam.  1919.  Twenty 
cents 

Bulletin  No.  116.  Bituminous  Coal  Storage  Practice,  by  H.  H.  Stoek,  C.  W. 

Hippard,  and  W.  D.  Langtry.    1920.    Seventy-five  cents. 

*Bulletin  No.  117.  Emissivity  of  Heat  from  Various  Surfaces,  by  V.  S.  Day. 

1920.  Twenty  cents. 

^Bulletin  No.  118.  Dissolved  Gases  in  Glass,  by  E.  W.  Washburn,  F.  F.  Footitt, 
and  E.  N.  Bunting.     1920.     Twenty  cents. 

^Bulletin  No.  119.  Some  Conditions  Affecting  the  Usefulness  of  Iron  Oxide 
for  City  Gas  Purification,  by  W.  A.  Dunkley.     1921. 

"Circular  No.  9.  The  Functions  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  by  C.  R.  Richards.     1921. 

^Bulletin  No.  120.  Investigation  of  Warm-Air  Furnaces  and  Heating  Systems, 
by  A.  C.  Willard,  A.  P.  Kratz,  and  V.  S.  Day,  1921.     Seventy-five  cents. 

*  Bulletin  No.  121.  The  Volute  in  Architecture  and  Architectural  Decoration, 
by  Rexford  Newcomb.     1921.     Forty-five  cents. 

*Bulletin  No.  122.  The  Thermal  Conductivity  ami  Diffusivity  of  Concrete, 
by  A.  P.  Carman  and  R.  A.  Nelson.     1921.     Twenty  Cents. 
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STUDIES  ON  COOLING  OF  FRESH   CONCRETE 
IN   FREEZING   WEATHER* 


I.     Introduction 

1.  Preliminary. — The  practice  of  placing  concrete  in  freezing 
weather  renders  important  a  knowledge  of  the  rate  at  which  this 
material  will  cool  and  the  effect  of  the  various  methods  of  protect- 
ing the  freshly  placed  concrete  from  the  cold.  The  experiments 
herein  recorded  furnish  test  data  on  the  length  of  time  required  for 
concrete  of  a  given  temperature  to  lose  its  heat  and  become  cold 
enough  to  freeze  when  it  is  exposed  to  temperatures  lower  than  the 
freezing  point  of  water.  The  values  of  two  thermal  constants,  dif- 
fusivity  and  the  ratio  of  emissivity  to  coefficient  of  thermal  conductiv- 
ity, were  determined  for  freshly  placed  concrete.  Some  experiments 
were  made  on  the  protective  effects  of  coverings.  While  a  number  of 
applications  of  the  experimental  data  are  presented,  no  originality 
can  be  claimed  for  the  underlying  mathematical  theory,  which  dates 
back,  of  course,  to  the  time  of  Fourier.  It  is  not  considered  that  these 
solutions  will  give  complete  data  regarding  concreting  in  freezing 
weather  under  various  conditions;  however,  it  is  hoped  that  they  will 
throw  some  light  on  the  behavior  of  fresh  concrete  at  low  temperatures 
and  will  indicate  the  necessity  of  protection  or  other  precautions. 

2.  Acknowledgments. — The  tests  reported  herein  were  made  in 
the  Engineering  Experiment  Station  of  the  University  of  Illinois.  The 
writer  is  indebted  to  Professor  A.  N.  Talbot,  Professor  H.  F.  Gon- 
nerman,  Mr.  F.  E.  Richart,  Mr.  R.  A.  Nelson,  and  Mr.  W.  II. 
Braman. 

3.  Discussion  Regarding  Assumptions. — Every  calculation  in 
engineering  is  based  upon  some  assumption.  This  is  not  strange  when 
we  consider  that  the  principles  and  laws  of  physics  and  chemistry  upon 
which  engineering  is  founded  are  based  upon  fundamental  hypotheses 
or  principles. 


*  This  bulletin  presents  the  principal  results  of  the  investigation  made  in  1920  on  the 
flow  of  heat  through  fresh  concrete  by  Tokujiro  Yoshida,  Assistant  Professor  of  Civil  Engineering, 
Kyushu  Imperial  University,  Fukuoka,  Japan,  who  was  in  residence  as  a  graduate  student  at  the 
University  of  Illinois. 
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Mathematicians  may  be  satisfied  by  proving  that  the  solution  of 
a  problem  is  possible,  but  the  engineer  cannot  be  satisfied  until  lie 
obtains  the  particular  numerical  value  which  is  applicable  to  an  actual 
case.  In  this  fact  is  found  the  reason  for  the  difference  between  the 
view  points  of  physicists  or  mathematicians  and  engineers. 

Engineering  problems  are  usually  very  complicated.  There  are 
many  conditions  which  cannot  be- expressed  mathematically,  or  which 
are  entirely  unknown.  So,  if  the  results  obtained  by  physicists  or 
mathematicians  are  to  be  applied  to  engineering,  many  assumptions 
must  be  made,  on  the  one  hand,  in  order  that  the  conditions  may 
be  expressed  physically  or  mathematically,  while,  on  the  other  hand, 
the  calculations  must  be  made  as  simple  as  possible  for  actual  use. 
In  general,  the  nearer  the  assumption  is  to  the  actual  fact,  the  more 
accurate  will  be  the  result  based  on  the  assumption;  but  no  matter 
how  accurate  the  result,  if  the  time  spent  in  calculation  is  too  long  the 
method  is  often  not  acceptable  to  the  engineer.  When  a  method  of 
calculation  or  an  engineering  formula  is  used,  the  assumptions  on 
which  it  is  based  must  first  be  known,  and  then  these  assumptions  com- 
pared with  the  actual  conditions  affecting  the  case  under  consideration. 
It  is  an  important  function  of  engineering  science  to  conduct  re- 
searches into  conditions  affecting  engineering  problems,  in  order 
that  assumptions  may  be  made  which  will  approximate  the  facts  of  the 
case  and  at  the  same  time  render  possible  the  introduction  of  methods 
of  calculation  that  are  reasonably  simple. 

In  the  following  problems  a  number  of  assumptions  have  been 
made  in  order  to  simplify  calculations  as  well  as  to  cover  many  con- 
ditions that  are  unknown.  It  is  important  that  this  discussion  with 
reference  to  assumptions  be  borne  in  mind  by  the  reader. 


STUDIES  ON  COOLING  OF  FRESH  CONCRETE  IN  FREEZING  WEATHER 


II.     Experiments  on  Cooling  of  Fresh  Concrete  and  Rise  in 
Temperature  during  Setting  of  Concrete  and  Mortar 

4.  Apparatus  for  Measuring  Temperature. — The  general  scheme 
of  the  experiments  on  the  cooling  of  fresh  concrete  involved  the  ex- 
posing of  one  surface  of  a  specimen  to  a  low  temperature,  all  other 
surfaces  being  carefully  insulated  from  the  cold,  and  the  measuring 
of  the  temperature  of  the  concrete  at  various  distances  from  the  ex- 
posed surface.  After  a  study  of  several  methods  for  the  accurate 
measurement  of  these  temperatures,  a  system  of  thermocouples  was 
chosen  as  most  suitable  for  the  purpose.  Fig.  1  shows  the  general 
layout  of  the  apparatus  for  measuring  temperature. 


No.  /,  Temp,  in  Co/d/?oom.  A/a  4,  Temp.  /5cm.  be/otv  Surface.  \ 
No.  2,  Temp,  at  Surface.   No.  5,  Temp.  30cm.  be/ow  Surface. 
No.3,  Temp.  3.IZ6cm.  be-  No.6,  Temp,  in  the  Saw  Dust, 
low  Surface. 


Co/d  Junction 
Bath 


Parana*' 
Saw  Dust 
Co/d  Room 


Fig.   1.     Layout  of  Temperature-Measuring  Apparatus 


By  the  use  of  a  number  of  thermocouples  connected  to  a  sensitive 
potentiometer  the  temperatures  at  various  points  were  quickly  and 
accurately  indicated  in  terms  of  electrical  units,  which  were  later 
converted  into  degrees  centigrade  for  use  in  making  computations. 
Since  the  range  of  temperatures  to  be  measured  in  this  investigation 
was  relatively  small,  and  hence  the  electromotive  force  in  the  ther- 
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mocouple  circuit  also  small,  the  use  of  the  deflection  method  was 
considered  inadvisable,  because  in  this  method  the  readings  are  not 
independent  of  the  resistance  in  the  circuit  and  are  liable  to  errors 
due  to  changes  in  resistance.  The  potentiometer  was  found  to  be  suf- 
ficiently accurate  for  the  purpose  in  view,  and  since  the  principle 
involved  embodied  the  measurement  of  the  electromotive  force  with 
zero  current  in  the  circuit,  thus  making  the  readings  independent  of 
the  external  resistance,  it  was  adopted.  In  the  potentiometer  method 
the  precision  of  reading  is  a  function  of  the  accuracy  with  which  the 
initial  balance  is  attained.  The  accuracy  of  the  initial  balance  was 
greatly  increased  in  the  present  case  by  using  a  sensitive  galvanometer. 

The  wires  used  in  the  thermocouple  were  of  copper  and  of  a 
copper-nickel  alloy  known  under  the  trade  name  of  constantan.  These 
metals  were  chosen  because  they  are  homogeneous  and  because  the 
magnitude  of  the  induced  electromotive  force  per  degree  difference  in 
temperature  between  the  hot  and  cold  junction  is  large.  The  wires 
were  No.  20  B.  &  S.  gage,  and  were  cotton  covered.  This  small  size 
of  wire  was  used  to  minimize  the  effect  of  radiation  to  or  from  the 
couple,  and  the  effect  of  the  depth  of  its  immersion.  To  prevent  the 
serious  effect  of  moisture  or  dew,  between  the  cold  storage  room  and 
the  room  in  which  the  instruments  were  arranged  the  wires  were  all 
carefully  insulated  with  rubber  tape. 

The  junctions  of  the  couples  were  all  formed  by  fusing  the  two 
wires  together  in  an  oxyacetylene  gas  flame,  making  a  button  about 
the  size  of  a  pin  head  at  the  junction.  A  strong  joint  was  made  in 
this  manner. 

To  guard  against  the  effect  of  water  in  the  concrete  the  wires 
leading  to  the  hot  junctions  of  the  thermocouples  were  insulated  with 
glass  tubing  and  the  joints  themselves  were  put  into  melted  paraffin 
so  that  the  paraffin  filled  the  tubing  about  two  inches  and  covered  the 
surface  of  the  wires  with  a  thin  film  at  the  joint. 

At  the  cold  junction  the  joint  of  the  wires  was  put  into  a  test 
tube  filled  with  transformer  oil,  the  wires  being  insulated  from  each 
other  by  glass  tubing.  A  thermos  bottle  filled  with  ice  shavings  and 
water  was  used  as  the  cold  bath  of  the  test  tube. 

The  thermocouples  were  calibrated  by  means  of  a  mercury  ther- 
mometer which  was  graduated  to  one-tenth  of  one  degree  centigrade. 
The  oil  bath  used  for  constant  temperature  in  calibrating  was  a  small 
test  tube  which  was  inserted  into  a  thermos  bottle.  The  calibration 
curves  for  all  the  couples  were  practically  the  same.     Fig.  2  shows 
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the  calibrating  apparatus  and  a  typical  calibration  curve.  The  dis- 
continuity of  the  curve  near  the  zero  point  is  due  to  the  instrumental 
error  of  the  potentiometer  used. 


I 
I 


30- 

20 

10 

0 

-to 

-zn 

-0.6  -Q4  -0.Z     O     O.Z    04    0.6    0.8     1.0    /.Z 

Thermocoup/e  e.m.f  in  /7////ro/ts 
Ca//brat/on  Curve  for  Thermocoup/e  A/o.  7-5 


-Thermometer 


Co/d 'Junct/on 
Bath 


KJ 


Fig.  2.     Calibrating  Apparatus  and  a  Typical  Calibration  Curve 

The  potentiometer  gave  a  direct  reading  of  0.01  millivolt.  To 
increase  the  accuracy  of  the  balance  of  electromotive  force,  the  gal- 
vanometer of  the  instrument  was  replaced  by  a  D'Arsonval  galva- 
nometer. 

As  the  precision  of  the  thermocouple  in  use  is  about  25  deg. 
C.  per  millivolt,  the  precision  attainable  is  0.25  deg.  C.  It  was  found 
possible  to  repeat  the  readings  to  within  0.005  millivolt,  or  0.13  deg. 
C.  when  the  hot  junction  was  placed  in  a  constant  temperature  oil 
bath. 


5.     Concrete   Materials. — The    materials    used   were    similar    in 
character  and  quality  to  those  used  in  other  concrete  and  reinforced 
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concrete  specimens  made  and  tested  by  the  Engineering  Experiment 
Station  in  recent  years. 

Universal  portland  cement  was  used  in  all  specimens.  It  ful- 
filled the  requirements  of  the  specification  of  the  American  Society 
for  Testing  Materials. 

The  sand  used  came  from  pits  at  Attica,  Indiana,  and  passed  a 
14 -in.  screen.  It  weighed  111  lb.  per  cubic  ft.  The  sieve  analysis 
of  this  sand,  using  the  sieves  commonly  known  as  the  Tyler  Standard 
Sieves,  is  given  in  Table  1. 

Clean  gravel  from  the  same  pits  was  used.  It  passed  a  1^-in. 
screen  and  was  retained  on  a  ^4-in.  screen.  The  weight  of  ihis  gravel 
was  99  lb.  per  enbic  ft.  A  sieve  analysis  of  the  material  is  shown  in 
Table  1. 

Concrete  of  three  proportions,  1-3-6,  1-2-4,  and  1-1-2,  by  volume, 
was  tested  as  indicated  in  Table  2.  To  insure  accuracy  in  propor- 
tioning, the  materials  for  each  specimen  were  weighed  out  separately 
and  mixed. 

Taule  1 
Sieve  Analysis  of  Sand  and  Gravel 

(Tyler  Standard  Sieves   Used) 


Size  of  Square 

Material 

Sieve 

Openings, 

Percentage 

Size 

inches 

Passing  * 

Sand 

Vain. 

o.:i7i 

100 

No.       4 

0.18.") 

91 

8 

0.093 

66 

14 

0.046 

49 

•'       28 

0.0231 

19 

"       48 

0.0110 

3 

"     100 

0.0058 

1 

Gravel 

l1-,  in. 

1.49 

100 

y4  " 

0.742 

57 

y% " 

0.371 

11 

No.  4 

0.185 

5 

"     8 

0.093 

3 

*  Each   value   represents   the   average   of   four   tests. 

The  fineness  modulus*  and  surface  modulus*  of  these  concrete 
aggregates  are  5.98  and  4.69  respectively.  From  these  figures  it  ap- 
pears that  the  materials  are  rather  coarse,  but  they  are  undoubtedly 
similar  to  the  materials  used  in  common  practice.  It  is  believed  that 
the  experimental  data  are  applicable  to  any  other  well  proportioned 
concrete. 


*  See    Discussion    on    Proportioning   of    Concrete,    by    Professor   D.    A.    Abrams    and    Pro- 
fessor A.  N.  Talbot.     Proceedings  of  A.  S.  T.  M..   1919.     p.  477-485. 
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Table  2 
Properties  of  the  Concrete  Used  in'  the  Experiments 


Proportion  by 
Volume 

Water-Cement 
Ratio 

Slump  Test 

on  6  by  12-in. 

Cylinders, 

inches 

Twenty-eight  Day 

Compression    Tests 

of    6    by    12-in. 

Cylinders, 

lb   per  sq.  in* 

1-2-4  (al!  except  Experiments 
Nos.  13,  14,  18,  and  20) 

1.01 

2 

1300 

1-2-4    (Experiments    Nos.    13 
and  18)  wet  consistency 

1.26 

9 

700 

1-2-4    (Experiments    Nos.    14 
and  20)  dry  consistency 

0.81 

0 

•J2O0 

1-3-6  medium  consistency  .... 

1.29 

800 

1-1-2  medium  consistency.  .  .  . 

0.72 

2900 

*  The    cylinders    were    stored    in    damp    sand    at    an    average    temperature    of    70    deg.    F. 
Each  value  is  the  mean  of  tests  on  three  cylinders. 


6.  Mixing  of  Concrete. — The  amount  of  water  used  in  mixing 
the  concrete  was  designed  to  produce  the  wettest  concrete  which  could 
satisfactorily  be  used  in  freezing  weather,  except  in  Experiments  Nos. 
13  and  18,  and  14  and  20,  in  which  very  wet  and  very  dry  mixtures, 
respectively,  of  1-2-4  concrete  were  used.  An  idea  of  the  mobility  of 
these  concretes  may  be  obtained  from  the  slump  tests  made  on  6-in. 
by  12-in.  cylinders  noted  in  Table  2,  as  well  as  from  the  properties  of 
the  concrete  aggregates  and  the  water-cement  ratio  (ratio  of  volume 
of  water  to  volume  of  cement)  also  shown  in  Table  2. 

The  mixing  of  the  concrete  was  done  b}T  hand.  The  dry  cement 
and  sand  were  first  mixed  to  a  uniform  color  and  spread  out  in  a  thin 
layer  in  a  large  mixing  pan;  the  stone  was  then  added,  and  the  whole 
mass  turned  with  shovels  until  thorough  incorporation  of  the  dry  ma- 
terials was  secured ;  water  was  then  added,  and  the  materials  turned 
until  thoroughly  mixed. 

The  temperature  of  the  concrete  thus  made  was  practically 
uniform  and  was  the  same  as  the  temperature  of  the  room  in  which  the 
concrete  was  mixed. 

7.  General  Features  of  the  Experiments. — Sixteen  experiments 
were  made  to  obtain  data  on  the  cooling  of  fresh  concrete  exposed  to 
freezing  temperatures.  One  experiment  was  made  on  concrete  which 
was  31  days  old. 
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Experiments  Nos.  1-6,  10,  and  13-15  were  made  with  the  purpose 
of  determining  the  thermal  constants  of  fresh  concrete  which  are 
necessary  in  applying  the  theory  of  heat  conduction  to  the  cooling  of 
fresh  concrete,  and  others  were  made  to  obtain  information  on  the 
effect  of  protection  of  the  concrete  surface.  Experiment  No.  17  was 
made  to  determine  the  thermal  constants  of  concrete  31  days  old. 
These  experiments  were  made  at  the  plant  of  the  Smith  Ice  and  Cold 
Storage  Company  at  Champaign,  Illinois. 

The  size  of  specimen,  the  concrete  mixtures,  and  the  conditions 
of  the  surface  are  given  in  Table  3. 

Table  3 
Data  of  the  Specimens 


Experiment 
No. 

Proportion 
by  Volume 

Depth  of  the 

Specimen* 

cm. 

Condition  of  thelSurface 

qfi 

1 

1-3-6 

50 

No  protection  at  the  surface  under 
a  still  air  condition. 

2 

1-2-4 

60 

" 

3 

1-1-2 

50 

" 

4 

1-3-6 

30 

" 

5 

1-2-4 

30 

" 

6 

1-1-2 

30 

" 

7 

1-2-4 

30 

Surface  cooled  by  air  current  from 
a  fan. 

8 

1-2-4 

30 

Surface  covered  with  a  board  %-in 
i hick. 

9 

1-2-4 

30 

Surface  covered  with  canvas. 

10 

1-2-4 

20 

No  protection  at  the  surface. 

11 

1-2-4 

20 

Surface  covered  with  a  board. 

12 

1-2-4 

20 

Surface  covered  with  canvas. 

13 

1-2-4 

30 

No  protection  at  the  surface. 

14 

1-2-4 
(wet  consistency) 

30 

11 

15 

1-2-4 

(dry  consistency) 

25 

" 

16 

1-2-4 

10 

Surface  covered  with  a  board. 

17 

1-2-4 

30 

No  protection  at  the  surface. 

All  the  specimens  are  12-in.  square  in  horizontal  section. 


8.     Preparation  of  Test  Specimens. — The  mold  for  the  test  speci- 
mens was  a  wooden  box  12  in.  square  and  from  12  to  24  in.  deep,  in 
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inner  dimensions.  It  was  made  of  l^-in.  pine  boards.  This  mold 
was  placed  inside  another  wooden  box  3  ft.  square  and  3  ft.  deep. 
The  space  between  the  two  was  filled  with  dry  sawdust  to  prevent 
cooling-  of  the  fresh  concrete  at  the  sides  and  at  the  bottom  of  the 
mold. 

The  inner  surface  of  the  inner  box  was  coated  with  Parowax  to 
prevent  the  absorption  of  water  from  the  concrete  by  the  wood. 

As  each  specimen  was  being  poured,  the  thermocouples  were  in- 
serted one  by  one  through  small  holes  in  the  side  of  the  mold  and  em- 
bedded in  the  concrete,  their  joints  being  at  specified  depths  below  the 
upper  surface  and  in  the  vertical  axis  of  the  specimen.  A  thermocouple 
was  also  embedded  in  the  sawdust  to  measure  its  cooling.  The  tem- 
peratures of  the  concrete,  the  boyes,  and  the  sawdust  wore  practically 
the  same  as  the  temperature  of  the  room  at  the  beginning  of  all 
experiments. 

The  specimen  thus  made  was  removed  to  the  adjoining  cold  storage 
room  about  twenty  minutes  after  the  water  was  added  to  the  concrete 
mixture.  The  wires  of  the  thermocouples  were  carried  across  the 
door  sill  from  the  cold  room  to  the  room  in  which  the  measuring  in- 
struments were  arranged.  The  temperature  of  the  cold  room  was 
measured  by  a  thermocouple.  Fig.  1  shows  in  diagrammatic  form  the 
general  arrangement  of  the  apparatus. 

9.  Phenomena  of  Experiments. — In  experiments  Nos.  1.  '_'.  and  3. 
specimens  50  em.  in  depth,  of  1-3-6,  1-2-4,  and  1-1-2  concrete,  re- 
spectively, were  tested.  From  the  data  of  these  experiments  Fig.  3 
has  been  plotted.  It  gives  the  curves  of  cooling  at  the  several  depths 
below  the  exposed  surface  of  the  specimen.  The  abscissas  give  the 
elapsed  time  from  the  date  the  specimen  was  placed  in  the  cold  room. 
The  temperature  of  the  cold  room  is  also  shown  in  the  diagram.  The 
effect  of  the  heat  produced  during  the  setting  of  the  concrete  is  notice- 
able in  the  figure  even  in  the  case  of  the  1-3-6  mixture. 

In  these  first  three  experiments  the  thermocouple  measuring  the 
temperature  of  the  sawdust  at  the  underside  of  the  mold  always  showed 
a  lower  temperature  than  that  at  the  bottom  of  the  specimens,  and  it 
was  clear  that  there  was  a  flow  of -heat  through  the  bottom  of  the  mold 
from  the  specimen  to  the  sawdust.  The  rise  in  temperature  during  the 
setting  of  the  concrete  was  also  marked  with  so  great  a  depth  of 
specimen.  For  these  reasons,  the  data  obtained  from  these  three  ex- 
periments were  not  used  in  calculating  the  thermal  constants. 
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Fig.  •'!.     Corves  of  Cooling,  Experiments  1,  2,  and  .". 
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In  experiments  Nos.  4,  5,  and  6,  specimens  30  cm.  thick  and  of  1-3- 
6,  1-2-4,  and  1-1-2  concrete,  respectively,  were  used.  This  depth  was 
used  in  order  to  reduce  the  effect  of  the  rise  in  temperature  produced 
in  the  setting  of  the  concrete,  and  also  to  minimize  the  flow  of  heat 
through  the  bottom  of  the  mold.  For  the  latter  reason  further  insula- 
tion was  obtained  by  filling  in  the  bottom  of  the  mold  with  a  3-in.  layer 
of  sawdust,  placing  upon  this  a  %-in.  pine  board,  and  adding  a  l^-in- 
layer  of  Parowax.  The  inner  sides  of  the  mold  were  also  given  a 
covering  of  Parowax  y8  in.  thick.  With  these  precautions  the  thermo- 
couple in  the  sawdust  below  the  bottom  of  the  mold  showed  practically 
the  same  temperature  as  that  of  the  bottom  of  the  specimen,  and  it  was 
considered  that  the  bottom  of  the  mold  was  thus  kept  sufficiently 
impervious  to  the  flow  of  heat.  This  condition  was  assumed  in  calcu- 
lating the  thermal  constants  of  the  concrete  from  the  test  data.  The 
curves  of  cooling  for  these  three  specimens  are  plotted  in  Fig.  4. 

The  specimens  used  in  experiments  Nos.  7,  8,  and  9  were  of  the 
same  material  as  that  used  in  experiment  No.  5 ;  they  differed  in 
surface  conditions. 

In  experiment  No.  7  the  surface  of  the  specimen  was  subjected  to 
an  air  current  produced  by  an  ordinary  electric  fan  operating  at  its 
medium  speed.  The  distance  between  the  fan  and  the  concrete  was 
about  one  foot,  the  direction  of  the  current  making  an  angle  of  about 
30  degrees  with  the  surface.  The  velocity  of  the  air  current  was  about 
ten  miles  per  hour.  It  was  intended  by  this  method  to  obtain  in- 
formation on  the  effect  of  wind  on  the  cooling  of  fresh  concrete.  The 
cooling  of  the  concrete  surface  was  very  striking.  The  time  required 
for  the  freezing  temperature  to  penetrate  the  surface  in  this  experi- 
ment was  about  one-tenth  of  that  under  a  still  air  condition.  It  is 
clear  that  the  evaporation  of  water  from  the  surface  had  a  very  great 
effect  on  the  cooling  of  the  surface;  within  the  mass  the  effect  was 
slight.    Fig.  5  shows  the  results  of  the  experiment. 

In  experiment  No.  8  the  surface  of  the  specimen  was  covered  with 
a  pine  board  1.9  cm.  (%  in.)  thick.  The  small  opening  between  the 
edge  of  the  board  and  the  box  was  sealed  with  Parowax.  This  experi- 
ment was  made  to  determine  the  effect  of  wood  forms  on  the  cooling 
of  fresh  concrete.  The  board  protected  the  surface  very  well.  The 
results  are  plotted  in  Fig.  5. 

In  experiment  No.  9  the  top  of  the  inner  and  outer  boxes  was 
covered  with  10-oz.  duck.    There  was  about  a  3-in.  air  space  between 
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Fig.  4.     Curves  ov  Cooling,  Experiments  4,  5,  and  6 
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Fig.  5.     Curves  of  Cooling,  Experiments  7,  S,  and  9 
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the  canvas  and  the  surface  of  the  specimen.  This  experiment  was 
made  to  investigate  the  effect  of  protection  by  using  canvas  in  cold 
weather.  The  curves  of  cooling  are  shown  in  Fig.  5.  The  protection 
is  seen  to  be  about  the  same  as  with  the  %-in.  board. 

The  specimens  used  in  experiments  Nos.  10,  11,  and  12  were  20 
cm.  in  depth.  The  depth  of  the  inner  box  was  changed  to  16  in. ; 
other  conditions  were  the  same  as  before.  Experiment  No.  10  was 
made  as  a  check  on  No.  5;  the  conditions  of  the  specimen  were  the 
same  as  in  No.  5  except  for  the  depth.  The  conditions  in  experiments 
Nos.  11  and  12  were  the  same  as  in  Nos.  8  and  9  except  as  to  the  depth 
of  the  specimen.    The  curves  of  cooling  are  shown  in  Pig.  6. 

The  two  experiments  (Nos.  13  and  14)  made  to  investigate  the 
effect  of  the  amount  of  water  in  the  mixture  upon  the  cooling  of  fresh 
concrete  had  conditions  of  specimen  the  same  as  No.  4  except  for  the 
consistency  of  the  mixture. 

In  experiment  No.  13,  1-2-4  concrete  of  wet  consistency  was  tested. 
The  concrete  was  so  wet  that  after  making  the  specimen  its  surface 
was  covered  with  water  to  the  depth  of  about  3/16-in.  After  six 
hours  in  the  cold  room  at  an  average  temperature  of  -12.2  deg.  centi- 
grade, the  surface  was  covered  with  laitance  about  %-in.  thick  which 
had  the  appearance  of  soft  chocolate  ice  cream.  The  thermocouple 
which  was  set  at  the  surface  was  at  first  also  covered  with  the  laitance. 
It  may  be  that  the  laitance  offered  some  protection  to  the  cooling  of 
the  surface.    The  curves  of  cooling  are  shown  in  Fig.  7. 

In  experiment  No.  14  a  concrete  of  very  dry  consistency  was 
tested ;  much  difficulty  was  experienced  in  placing  this  concrete.  Fig. 
7  shows  the  results  of  the  experiment. 

In  experiment  No.  15  the  depth  of  the  specimen  was  25  cm.,  other 
conditions  being  the  same  as  in  experiment  No.  5 ;  this  experiment  was 
made  as  a  check  on  the  results  of  experiments  Nos.  5  and  10.  Fig.  7 
shows  the  results. 

In  experiment  No.  16  the  specimen  was  10  cm.  in  depth,  and  was 
covered  with  a  board  at  the  surface ;  other  conditions  were  the  same 
as  in  experiment  No.  11.    The  curves  of  cooling  are  shown  in  Fig.  8. 

For  experiment  No.  17,  to  determine  the  thermal  constants  of 
concrete  31  days  old,  a  specimen  in  the  form  of  a  30-cm.  (12-in.)  cube 
of  1-2-4  concrete  was  made  in  the  Concrete  Laboratory  at  the  Univer- 
sity. Two  thermocouples  were  used  at  both  the  surface  and  the  bot- 
tom and  one  at  the  center.    Two  days  after  the  specimen  was  made 
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Fig.  6.     Curves  op  Cooling,  Experiments  10,  11,  and  12 
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Fig.  7.     Curves  of  Cooling,  Experiments  13,  14,  and  15 
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Fig.  8.     Curves  op  Cooling,  Experiments  16  and   17. 

the  forms  were  taken  off,  and  the  cube  was  stored  in  damp  sand.  After 
24  days  it  was  taken  out  of  the  sand  and  dried  in  the  laboratory  for 
one  week.  It  was  then  put  in  the  wooden  mold,  the  small  spaces  between 
the  specimen  and  walls  of  the  mold  being;  filled  with  Parowax. 

The  specimen  and  the  temperature  measuring  apparatus  were 
arranged  as  in  experiment  No.  1.  Before  it  was  carried  into  the  cold 
room  the  temperature  of  the  specimen  at  different  points  was  about 
the  same,  and  the  mean  was  taken  as  the  initial  temperature  of  the 
specimen.    The  curves  of  cooling  are  shown  in  Fig.  8. 

10.  Rise  in  Temperature  During  8i  tting  of  Concn  le  and  Mortar. 
— The  chemical  combination  of  water  with  port  land  cement  is  an 
exothermic  reaction,  the  heat  evolved  being  snfheienl  to  raise  materi- 
ally the  temperature  of  concrete  and  mortar  during  the  period  of 
setting  and  hardening. 
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In  experiments  Nos.  18-26,  this  rise  in  temperature  of  concrete 
and  mortar  was  measured  in  order  to  study  the  relative  importance 
of  these  phenomena  in  the  preceding  experiments.  These  experiments 
were  made  in  the  Concrete  Laboratory  of  the  University.  The  ap- 
paratus for  measuring  the  temperature  was  the  same  as  previously 
described.  The  water-cement  ratio  of  the  four  different  mixtures  ot 
neat  cement,  1-1  mortar,  1-2  mortar,  and  1-3  mortar  was  0.38,  0.48, 
0.60,  and  0.85,  respectively. 

The  concrete  or  mortar  to  be  tested  was  poured  into  a  wooden 
mold  with  inner  dimensions  for  holding  a  12-in.  cube.  The  mold 
was  made  of  1%-in.  pine  boards.  Two  thermocouples  were  embedded 
to  measure  the  temperature,  one  at  the  center  of  the  cube  and  the 
other  at  three  in.  away  from  the  center.  The  mold  was  put  in 
the  center  of  the  large  box,   and  the  space  around  all  six  surfaces 
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Diagrams  Showing  Rise  in  Temperature  During  Setting  of 
Concrete  and  Mortar 
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of  the  mold  was  filled  with  sawdust  about  8  in.  thick,  to  prevent  the 
cooling  of  the  specimen. 

The  initial  temperature  of  the  fresh  concrete  or  mortar  was  the 
same  as  that  of  the  laboratory.  The  two  thermocouples  showed  about 
the  same  temperature,  and  the  temperature  at  the  center  is  plotted 
in  Fig.  9.  After  48  hours  the  rise  in  temperature  was  very  small  in 
all  cases. 

The  total  rise  in  temperature,  the  rate  of  increase,  and  the  time 
interval  before  the  maximum  temperature  was  reached  were  all  vari- 
able, depending  upon  the  proportions  of  the  mixture,  the  amount  of 
water  used  in  the  mixing,  and  the  initial  temperature  of  the  concrete 
or  mortar.  The  curves  in  the  figure,  however,  show  very  clearly  that 
considerable  heat  is  produced  during  the  setting  of  concrete  or  mortar 
at  ordinary  temperatures,  and  its  effect  is  very  noticeable  from  6  to  12 
hours  after  the  pouring  of  the  concrete. 

11.  Calculation  of  the  Thermal  Constants  of  Fresh  Concrete. — 
In  order  to  apply  the  theory  of  heat  conduction  to  concreting  in  cold 
weather,  it  is  necessary  to  determine  certain  thermal  properties  of  the 
concrete  from  the  preceding  experiments.  Even  in  a  homogeneous 
material  such  thermal  properties  are  variable  and  may  be  considered 
constant  only  for  a  certain  range  in  temperature;  in  fresh  concrete 
the  properties  will  be  found  to  vary  with  other  conditions  as  well  as 
temperature.  It  is  the  purpose  here  to  determine  certain  thermal 
properties  for  a  limited  range  of  temperatures  near  freezing,  and  for 
purposes  of  application  these  properties  will  be  termed  "thermal 
constants. ' ' 

From  the  time  that  water  is  added  to  the  concrete  materials,  a 
chemical  reaction  begins  with  an  accompanying  rise  in  temperature, 
and  the  mass  solidifies  after  a  few  hours  under  ordinary  temperatures. 
In  temperatures  below  about  10  deg.  C.  (50  deg.  F.)  the  setting  takes 
place  very  slowly  and  produces  a  small  amount  of  heat,  while  if  the 
temperature  falls  below  0  deg.  C.  (32  deg.  F.)  the  fresh  concrete  will 
freeze  and  little  setting  can  be  expected.  Therefore,  even  though  the 
effect  of  heat  produced  in  the  setting  of  concrete  be  neglected,  the  coeffi- 
cient of  thermal  conductivity  of  fresh  concrete  will  vary  from  time  to 
time  according  to  the  degree  of  its  setting  and  its  temperature.  The 
specific  heat  and  density  of  the  material  also  vary  considerably  with 
different  conditions  of  setting,  as  well  as  with  the  mix  of  the  concrete 
and  the  temperature. 
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When  the  surface  of  the  concrete  is  worked  and  finished,  there 
is  more  or  less  water  remaining  on  it.  Therefore,  the  cooling  at  the 
surface  of  concrete  is  due  not  only  to  radiation  and  convection,  but 
also  to  evaporation  of  water,  which,  of  course,  depends  upon  the 
humidity  and  other  conditions  of  the  surrounding  air. 

It  is  obviously  impossible  to  give  certain  and  definite  values  of 
the  thermal  constants  of  fresh  concrete.  However,  it  is  considered 
useful  to  determine  fair  average  values  of  the  constants  which  may  be 
used  for  practical  problems.  The  execution  of  concrete  work  in  gen- 
eral practice  does  not  compare  in  refinement  with  the  measurement 
of  temperature  to  one  degree  centigrade  or  of  a  time  interval  to  one 
minute.  It  is  usually  possible,  however,  to  make  observations  with  an 
accuracy  of  within  a  few  degrees  in  temperature  or  a  few  hours  in 
time,  and  this  usually  will  be  sufficient  for  the  application  of  infor- 
mation regarding  concreting  in  freezing  weather.  Hence,  the  con- 
stants determined  here  should  be  useful  in  applying  the  mathematical 
theory  of  heat  conduction  to  practical  problems. 

The  method  used  in  calculating  the  thermal  constant  involves 
three  things:  the  use  of  well  established  fundamental  formulas  apply- 
ing to  various  materials,  a  rigorous  definition  of  the  assumptions  which 
may  be  made  regarding  the  conditions  in  these  experiments,  and  a 
reduction  of  the  fundamental  equations  to  special  forms  which  satisfy 
the  assumptions  and  provide  the  desired  working  formulas. 

In  deriving  the  fundamental  formulas,  a  body  will  be  considered 
which  has  infinite  length  and  breadth  and  a  finite  thickness.  For 
convenience  in  calculation  the  two  surfaces  are  considered  to  be  ex- 
posed to  air  at  zero  temperature,  although  the  results  of  the  analysis 
may  be  readily  applied  with  any  other  air  temperatures.  The  C.  G.  S. 
system  of  units  is  used  in  the  following  treatment. 
Let  v  =  the  temperature  at  any  point  in  the  body  at  a  distance  x  from 
one  of  the  surfaces  at  any  time,  t, 

v0=  the  initial  temperature  of  the  body,  that  is,  the  temperature 
at  all  points  at  the  time  t  =  0, 

A:  =  the  diffusivity*  of  the  body, 

(coefficient  of  thermal  conductivity) 
(density)      (specific  heat) 
(emissivity)* 


(coefficient  of  thermal  conductivity) 


*  For   definitions  and   a  more   detailed  treatment  of   the   analysis,  see   Carslaw,  "Fourier's 
cries    and   Integrals."      1906. 
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where  emissivity  of  the  body  is  the  rate  of  loss  of  heat  by  radiation  and 
convection,  under  certain  conditions  of  air,  per  square  centimeter  of 
surface,  per  degree  difference  in  temperature  between  body  and  air, 
assuming  Newton's  law  of  cooling. 

Then  the  equation  of  temperature  in  the  body  is 

d v       ,    d2  v  _  , 

=  k^r-. —  0  <  x  <  I 


dt  dx2 

As  the  initial  and  boundary  conditions  we  have, 
v  =  vg  for  t  =  0 

d  v 


d  x 

d  v 


+  h  v  =  0  at  x  =  0  , 

+  h  v  =  0  at  x  =  I  , 


d  x 
The  solution*  of  these  equations  is 

«=  oc       i      2  f 

r,    V  „   '         ocn  cos  anx  +  h  sin  a„  x  f1  ,  .     .  .    . 

v  =  Zv„  >  t  /     (  a  cos  a„  x  -\-  h  sin  a„  x  )  dx 

La  ( a;  +  hr )  I  +  2  h       J 

n=l  (1) 

in  which  a„    is  the  nth  positive  root  of  the  equation 

,  2ah 

1(1/1    at   —   — : r— 

a-  — h1 
excluding  the  root  a  =  0. 

At  x  =  0,  we  have 
_9    J    -koi\t  ai  r' 


(a$+h2)l+2h 


■  I    (a-,cosa-,x 


J 


At  x  =  — ,  since 


Oarslaw,  "Fourier's   Series   and   Integrals,"    page   274.    1906. 
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.  ,       2anh 

tan  an  I  —  — ^ —  r-0 

ai — hl 


tan  —~  =  -\ when  n  is  odd. 

2  an 


tan  —pr-  =  — ■  -r~     when  n  is  even. 
2  h 


Thus,  for  x  =  — 
2 


/  i   z.    ■  \  (        anl    .     h     .     anl  \ 

(  an  cos  anx  -\-  h  sin  a„  x)  =  an  <  cos  — 1 sin         V 

l  <xn  2 


aj  /            h  a„Z 

a„  cos  — jj-    1  H fan  -=— 

2     V  a,  2 


= — j         when  n  is  odd,  and 

2 

=  0         when  n  is  even. 

Thus 

«i 


COS  — 


^  —  2v0<  g-k  ail 2 /  (aicosaiX  +  hsinaix)dx-\--     ( 

2  (.  (a?+/i2)Z+2/t7„  ) 

As  &a;;f  increases  with  n,  if  £  is  chosen  great  enough,  we  shall 
obtain  a  close  approximation  by  using  only  the  first  term  in  each  of 
these  series. 


Thus 


v*  Oil  I  /«\ 

^=cos^ ro 


From  this  result  we  find  a:  ;  and  h  follows  from  the  equation 
«m^  =  A  (3) 

Z  Oil 
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And  k  may  be  found  from  either  of  the  equations 
-ka\t       vs  (a21+h2)l  +  2h 


2v0       j    .        j,hn  \ 

sv .     I     (?i«  /v.    /   -J— (    I    /»no  /v.    /   1      ^ 


e 


0  «!  <  sin  ail  + — (1  —  cosail)  , 

ka2t       vL      Ua2l+h*)l  +  2h}cos^L 
v°  «!  I  sinaxl-\- — (1 — cosail)   > 


(4) 


(5) 


Thus,  if  the  values  of  vs  and  vt  are  measured  at  a  certain  time  t, 

the  thermal  constants  k  and  h  can  be  determined  by  equations   (2) 

to  (5). 

To  apply  the  experimental  data  to  equations  (2)  to  (5),  the  fol- 
lowing assumptions  have  been  made : 

(1)  The  diffusive  of  fresh  concrete  is  assumed  a  constant. 

(2)  The  emissivity  of  fresh  concrete  is  denned  as  a  constant 
rate  of  loss  of  heat  by  radiation,  convection,  and  evaporation  of 
water  on  the  surface  (that  is,  the  effect  of  all  agents  which  have 
relation  to  the  conditions  of  the  surface)  per  square  centimeter 
of  surface  under  still  air  conditions  per  degree  difference  in  tem- 
perature between  body  and  air. 

(3)  The  bottom  of  the  specimen  is  assumed  to  be  impervious 
to  heat,  i.  e.  there  is  no  transference  of  heat  across  the  bottom  plane 
of  the  specimen. 

(4)  The  cooling  in  the  vertical  axis  of  the  specimen  is  as- 
sumed to  be  due  entirely  to  the  cooling  at  the  surface  of  the 
specimen. 

(5)  The  initial  temperature  of  the  concrete,  i.e.  the  tem- 
perature of  the  concrete  just  before  the  specimen  was  put  into  the 
cold  room,  is  assumed  constant  throughout  the  specimen. 

(6)  For  convenience  of  calculation,  the  mean  temperature 
of  the  cold  room  until  the  time  considered  in  the  calculation  is 
taken  as  the  constant  temperature  of  the  cold  room. 

(7)  The  heat  produced  during  setting  clearly  retards  the 
cooling  of  fresh  concrete.  However,  with  a  comparatively  small 
specimen,  in  a  cold  temperature,  this  effect  is  not  so  noticeable. 
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It  is  assumed  that  this  effect  is  included  in  the  constant,  diffusivity, 
of  the  concrete. 
Now  let 

-V2=the  mean  temperature  of  the  cold  room  until  the  time  /. 
v1  =  the  initial  temperature  of  the  concrete. 
Then  the  difference  between  the  initial  temperature  of  the  concrete 
and  the  mean  temperature  of  the  cold  room  until  the  time  considered  is 

As  the  cooling  of  the  body  is  dependent  upon  the  difference 
of  temperature,  it  may  be  considered  that  the  concrete  of  temperature 
vQ  cools  under  the  air  at  0  deg.  C. 

It  has  been  assumed  that  there  is  no  tlow  of  heat  across  the  bottom 
plane  of  the  specimen.  If  we  imagine  a  wall  having  the  thickness 
equal  to  twice  the  depth  of  the  specimen  and  the  temperature  of  air 
on  both  sides  of  the  wall  is  zero,  then  there  will  be  no  transference  of 
heat  across  its  middle  plane  because  of  the  symmetrical  condition  of 
the  wall,  and  hence  this  plane  could  be  made  of  a  material  impervious 
to  heat  without  altering  the  conditions.  Therefore,  we  may  consider 
that  the  specimen  is  one-half  of  that  wall,  and  if  we  take  the  thickness 
of  the  wall  as  twice  the  depth  of  the  specimen,  equations  (2)  to  (5) 
apply  to  the  specimens  of  the  experiments  until  the  freezing  tempera- 
ture penetrates  the  surface.  Hence  the  thermal  constants  k  and  h  may 
be  calculated  by  these  equations. 

When  the  freezing  of  fresh  concrete  begins  latent  heat  must  be 
taken  into  account.  The  problem  is  very  complicated  and  it  is  not 
considered  here. 

The  results  of  the  calculation  of  the  thermal  constants  k  and  h 
are  given  in  Table  4. 

For  1-2-4  concrete  the  mean  values  of  /.;  and  h,  calculated  for  the 
time  when  the  freezing  temperature  penetrated  the  surface  in  ex- 
periments Nos.  5,  10,  and  15  are  0.00626  and  0.0436,  and  the  means 
of  the  values  calculated  at  different  times  in  the  three  experiments 
are  0.00628  and  0.0457  respectively. 

For  1-3-6  concrete,  the  values  of  k  and  h  calculated  for  the  time 
when  the  temperature  of  the  surface  of  the  specimen  reached  zero  are 
0.00626  and  0.0428,  and  the  means  of  the  values  calculated  at  different 
times  are  0.00641  and  0.0466  respectively. 

As  the  depth  of  the  specimens  used  in  the  calculation  is  not 
large  and  the  effect  of  heat  produced  during  the  setting  of  concrete  is 


STUDIES  OX  COOLING  OF  FRESH  CONCRETE  IN  FREEZING  WEATHER      31 

not  noticeable,  the  values  0.0063  and  0.046  seem  to  be  safe  average 
values  of  A-  and  h  respectively,  for  concrete  of  1-2-4  and  1-3-6  mixtures 
having  a  consistency  that  can  satisfactorily  be  used  in  cold  weather. 
For  massive  concrete  work  the  heat  evolved  during  the  setting  of  the 
concrete  will  retard  the  cooling  considerably,  and  the  values  obtained 
will  err  on  the  side  of  safety. 

For  1-1-2  concrete,  as  the  heat  produced  during  the  setting  of 
the  concrete  had  a  great  effect,  it  was  considered  absurd  to  apply  equa- 
tions (2)  to  (5)  for  calculation  of  the  thermal  constants;  but,  of 
course,  it  is  very  safe  to  use  the  above  values  for  construction  in  which 
such  a  rich  mixture  is  used. 

The  1-2-4  concrete  of  wet  consistency  shows  lower  values  of  the 
thermal  constants  than  that  of  medium  consistency.  This  is  probably 
due  to  the  protecting  effect  of  the  laitance  on  the  surface  in  that 
experiment,  and  also  to  the  high  specific  heat  of  water.  It  is  considered 
that  the  values  for  the  concrete  of  medium  consistency  will  apply 
very  safely  to  cases  of  wet  consistencies  until  the  freezing  of  the  con- 
crete takes  place. 

For  the  concrete  of  dry  consistency  the  diffusivity  is  lower  than 
that  for  concrete  of  other  consistencies.  The  slightly  higher  value  of  h 
is  considered  to  be  due  to  the  lower  value  of  the  coefficient  of  con- 
ductivity of  this  concrete. 

For  the  concrete  31  days  old  the  mean  values  of  the  constants  A 
and  h,  calculated  at  different  times,  are  0.0083  and  0.032  respectively. 
In  this  experiment  the  cooling  of  the  specimen  through  the  saw- 
dust was  apparent,  and  the  calculated  values  are  considered  to  be 
higher  than  they  should  be. 

12.  Effect  of  Wood  Forms  in  Protecting  Fresh  Concrete. — The 
wood  used  in  forms  is  a  poor  conductor  of  heat  and  protects  fresh 
concrete  from  cooling  in  cold  weather.  In  addition  to  this,  so-called 
contact  or  surface  resistance,  which  is  offered  to  the  flow  of  heat  by 
the  discontinuity  of  the  concrete  at  the  forms,  also  serves  to  retard 
the  cooling  of  the  fresh  concrete. 

The  coefficient  of  thermal  conductivity  of  pine  wood  which  is 
largely  used  in  form  work  may  be  taken  as  about  0.00009  across  the 
grain  and  0.0003  with  the  grain.*  In  a  board  the  flow  of  heat  is  not 
only  across  the  fibre,  but  also  along  annular  rings,  depending  upon 


*  Ingersoll  and  Zoebel,  "Mathematical  Theory  of  Eeat  Conduction,"  page  162,   1906. 
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Table  4 
Values  of  Thermal  Constants  h  and  fc  for  Fresh  Concrete 


Experiment 
No. 

Mixture 

Depth  Of 

Specimen 
cm. 

Time  after 

Placing  in 

Cold  Storage 

hr.       niin. 

h 

it 

5 

1-2-4 

30 

12         23 

23            4 

*28         18 

0.0454 
0.0464 

0.0444 

0 . 006 1 1 
0 . 00653 
0.00624 

ii.    an  0.0454 

0.00628 

10 

1-2-4 

20 

10  20 

11  4l> 
*14          10 

0.0464 
0.0472 
0  0470 

0.00684 
0  00653 
0 . 00630 

m 

can  0.0467 

0 . 00656 

15 

1-2-4 

25 

12        00 
20         46 
24         54 

*26         00 

0.0479 
0 . 0465 
0 . 0467 
0 . 0393 

0.00620 
0 . 00596 
0.00559 

0 . 00625 

m 

oan  0.0451 

0.00600 

13 

1-2-4 

(wet    consistency) 

30 

11         58 

19         20 

*24          15 

0.0429 

0.0420 
0.0403 

0.00626 
0.00586 

0.00570 

m 

ean  0.0417 

0.00594 

14 

1-2-4 

(dry    consistency) 

30 

11         30              0.0542 

19         4(1               0.0483 

*25         32               0.0466 

0.00513 
0.00532 
0 . 00524 

mean  0.0497 

0.00523 

4 

1-3-6 

30 

12           7 

12         12 

*24         00 

0.0480 
0.0490 

0.0428 

0.00668 
0  00628 
0.00626 

m 

ean  0.0466 

0.00641 

*  The  temperature  at  the  surface  became  zero  at  this  time. 

how  the  board  was  cut  from  the  log.  It  is  therefore  obvious  that  the 
diffusivity  of  a  board  is  quite  variable  and  that  the  effect  of  a  board 
in  preventing  the  cooling  of  fresh  concrete  will  vary  considerably. 

The  emissivity  of  the  same  wood  is  about  0.0002  under  still  air 
conditions  and  about  four  times  this  value  when  exposed  to  a  wind  hav- 
ing a  velocity  of  fifteen  miles  per  hour.* 

For  these  reasons,  the  more  complicated  mathematical  solution  of 
this  case  was  not  developed.    However,  in  order  to  obtain  some  idea 


•"Harding   and   Willard,    "Mechanical   Equipment   of   Buildings,"   page   645. 
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of  the  effect  of  wood  forms  on  the  cooling  of  fresh  concrete,  the  thick- 
ness of  the  board  was  assumed  as  equivalent  in  effect  to  a  certain 
thickness  of  concrete. 

Each  specimen  in  experiments  Nos.  8,  11,  and  16  may  be  con- 
sidered as  one-half  of  a  wall  having  a  thickness  of  twice  the  depth  of 
the  specimen  and  having  both  faces  of  the  wall  protected  by  boards 
1.9  cm.  (•%  in.)  in  thickness.  Curves  showing  temperatures  at  different 
depths  from  the  surface  of  the  walls  for  various  intervals  of  time, 
taking  the  initial  temperature  difference  of  air  and  concrete  as  unity, 
are  plotted  in  Fig.  10. 

Assuming  a  value  of  h,  curves  of  temperatures  corresponding  to 
the  above  figures  were  calculated  from  equation  (1)  and  plotted  for 
different  thicknesses  of  wall  using  the  value  of  diffusivity  of  concrete 
as  k  =  0.0063.  These  curves  and  the  curves  of  Fig.  10  were  compared 
to  find  out  at  what  values  of  h  and  thickness  of  wall  the  former  ap- 
proximated the  latter.  By  this  tentative  method  it  was  found  that 
when  a  thickness  of  11.25  cm.  for  the  concrete  was  used  in  place  of  1.9 
cm.  for  the  board  and  h  equal  to  0.031,  the  curves  coincided  very  closely 
for  the  48-hour  period,  but  not  so  well  for  the  12-hour  period. 

On  the  whole,  considering  the  entire  range  of  the  experiments,  a 
thickness  of  concrete  five  times  the  thickness  of  a  wood  board  may  be 
considered  equivalent  in  effect  to  the  board,  using  h  =  0.031  for  the 
latter. 

13.  Effect  of  Canvas  in  Protecting  Fresh  Concrete. — The  mathe- 
matical explanation  of  this  effect  is  more  difficult  than  the  above  case, 
and  from  the  results  of  experiments  Nos.  9  and  12  no  general  conclusion 
could  be  made.  However,  the  curves  shown  in  Fig.  11,  which  are 
based  on  the  results  of  the  experiments,  are  believed  to  give  some 
information  on  the  protection  afforded  by  the  use  of  canvas. 

14.  Effect  of  Amount  of  Water  Used. — The  curves  of  tempera- 
ature  in  Fig.  12  which  are  based  on  the  results  of  experiments  Nos. 
14,  5,  and  13  for  very  dry,  medium,  and  very  wet  consistencies  of 
concrete,  respectively,  show  that  the  more  water  used  in  mixing 
the  concrete  the  slower  the  cooling  is  until  the  freezing  of  the  fresh 
concrete  begins.  However,  when  the  strength  of  concrete  and  the 
condition  of  the  concrete  after  freezing  are  taken  into  account,  it  will 
be  far  better  and  safer  in  mixing  concrete  to  use  the  least  amount  of 

water  that  will  produce  a  workable  mixture. 
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Distance  from  t/?e  Surface  /n  Cent/meters 
Fig.  10.     Diagrams  for  Cooling  of  Walls  Protected  by  %-in.  Wood  Forms 
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Distance  from  tf>e  Surface  in  Cent/meters 
"ig.  11.     Diagrams  for  Cooling  of  Walls  Protected  by  Canvas 


15.     Summary  of  Experimental  Results. — It  is  believed  that  the 
following  general  conclusions  are  instructive: 

(1)  For  the  application  of  the  mathematical  theory  of  heat 
conduction  to  the  cooling  of  fresh  concrete,  the  thermal  constants, 
diffusivity  and  the  ratio  of  the  emissivity  to  the  coefficient  of 
conductivity,  for  commonly  used  concrete  mixtures  having  the 
wettest  consistency  which  can  satisfactorily  be  used  in  cold 
weather  and  a  still  air  condition,  may  be  taken,  in  C.  G.  S.  units. 
as  0.0063  and  0.046  respectively.  These  figures  are  especially  safe 
for  massive  concrete  work  and  for  rich  concretes. 

(2)  Under  favorable  temperature  conditions  in  the  con- 
crete, the  rise  in  temperature  during  its  setting  is  greatest  in  the 
period  between  six  and  twelve'  hours  after  the  time  of  mixing. 
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D/sfance  fro/??  ffye  Surface  /'/?  Cenf/mefers 
Fig.  12.     Diagrams  for  Cooling  of  Walls  Made  of  Concrete  of  Different 

Consistencies 
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It  is  important  that  as  much  strength  as  possible  be  acquired  at 
an  early  age,  if  the  concrete  is  later  to  be  subjected  to  low  tem- 
peratures. It  is,  therefore,  important  and  necessary  in  cold 
weather  to  protect  concrete  very  carefully  for  at  least  twelve  hours 
after  pouring,  because  during  that  time  the  chemical  action  of 
cement  and  water  is  greatest,  the  increase  in  strength  is  very 
marked,  the  heat  produced  helps  to  retard  the  later  cooling  of 
the  concrete,  and  protection  during  this  period  makes  the  concrete 
better  able  to  resist  the  effect  of  low  temperature. 

(3)  It  is  apparent  from  the  analysis  that  very  much  more 
care  must  be  taken  to  prevent  the  freezing  of  the  concrete  in 
relatively  light  structures  than  in  massive  work. 

(4)  Wind  has  very  great  effect  on  the  cooling  of  fresh  con- 
crete. Every  precaution  should  be  taken  to  protect  the  surface 
from  the  wind. 
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III.     Analytical   Applications 

16.  Massive  Concrete  with  One  Surface  Exposed. — Consider  a 
mass  of  concrete  of  indefinite  lateral  extent  and  having  one  surface 
exposed  to  the  air.  Consider  the  temperature  of  the  ground  to  be 
the  same  as  that  of  the  concrete  when  poured.  For  simplicity  it  is 
assumed  that  the  soil  has  the  same  diffusivity  as  the  fresh  concrete, 
as  would  be  approximately  true  in  ordinary  cases.  The  difference 
between  the  initial  temperature  of  the  concrete  in  place  and  the  tem- 
perature of  the  air  during  the  time  considered  (assumed  to  remain 
constant)  will  be  called  v„,  and  the  difference  between  the  tempera- 
ture of  the  air  and  that  of  any  point  in  the  concrete  at  any  time  t 
after  pouring  will  be  called  v,  the  centigrade  scale  being  used.  Take 
the  origin  of  distances  at  the  surface  of  the  concrete,  and  the  positive  x 
direction  as  running  into  the  concrete. 

Then  the  cooling  is  due  to  the  radiation,  convection,  and  evapora- 
tion of  water  at  the  surface  (the  constants  determined  from  experi- 
ments taking  care  of  evaporation).  The  equations  for  the  temperature 
are: 

at  ox2 


--= — \-  h  v  =  o  at     x  =  0 

a  x 

v  =  vu  for     t  =  0 

It  is  assumed  that  the  temperature  at  infinity  is  constant  and 
always  equal  to  v„,  so  that 

v  =  v0  for         t  =  0 

The  solution*  of  these  equations  is 


x  +  2hkt 


V  —   —- 


=  2,k  rnr,--d  u+2^e  ..♦»*.  (f  [*+*,-+    \ 

~JtJ,  VV  \J.e-*dM—l.  e     du) 


-n-'U7s;+'        11-%S7S+*^»-     -(6) 


*  Carslaw,    "Fourier's   Series  and  Integrals,"   page  245,    1906. 
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where, 

0(X)  =   A/"V"%/„. 

In  the  equation 

v  =  temperature  in  degrees  centigrade, 
x  =  depth  below  the  surface  in  cm., 
t  =  time  in  seconds, 

using  the  values  k  —  0.0063  and  h  =  0.046  which  have  been  determined 
from  the  experiments,  equation  (6)  becomes 

•  =  e( * W0046x  *M80MJ*I  i-  e( l_=+0.00365  vTl(7) 

<•„       V0. 1588  V//  |  VO.  1588  V/  ♦ 

From   this   equation,   the   temperature   at   any   depth  below   the 
surface  at  any  time  after  pouring  the  concrete  may  be  obtained. 

The  temperature  at  the  surface  at  a  certain  time  after  the  concrete 
has  been  poured  may  be  written  by  equation  (6)  as  follows, 

v  =  cv0 (8) 

where 

c  _  00.048*  /  j  _0  (0.219  VT) 


/  being  measured  in  hours.    The  numerical  value  of  c  is  less  than  unity. 

It  should  be  noted  that  for  the  constants  used  the  equations  given 
will  hold  good  only  until  the  concrete  begins  to  freeze. 

When  the  surface  is  protected  with  a  board,  it  is  convenient  to 
assume  a  thickness  of  concrete  equivalent  in  effect  to  the  given  thick- 
ness of  board  in  the  manner  described  in  Article  12,  using  /;  =  0.0031 
and  k  =  0.0063.  Then  equation  (6)  will  apply  to  this  case,  the  tem- 
perature at  the  depth  of  the  equivalent  thickness  of  concrete  giving 
the  temperature  at  the  surface  of  the  concrete  against  the  board. 

17.  Thin  Wall  or  Slab. — In  a  thin  wall  or  slab  having  two 
surfaces  exposed,  cooling  takes  place  from  both  sides.  Call  v0  the 
difference  in  temperature  between  the  initial  temperature  of  the  con- 
crete and  the  assumed  temperature  of  the  air,  and  v  the  difference 
in  temperature  between  the  air  and  any  point  in  the  concrete  at  a 
time  /,  the  point  being  distant  x  from  one  of  the  surfaces. 
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Then  equation  (1) 

v        0\/?~Jca*t  ancosanx-\-hsinanx  ['    .  . 

—  =*l*  -    (a2  +  h2)l  +  2h      I    (<x»cosanx  +  hsinanx)dx 

gives  the  temperature  in  the  concrete  in  this  case.    The  equation  may 
be  written  as 

v  =  cv0 

where  c  denotes  the  right  hand  member  of  equation  (1). 
In  this  equation 

I  ■==  the  thickness  of  the  concrete  in  cm. 

x  =  the  distance  from  one  of  the  surfaces  to  the  point  considered 
in  cm. 

t  =  time  in  seconds  after  pouring  the  concrete. 

an  =  the  n  th         positive  root  of  the  equation 
2  ah 


tanal  = 


a 


2—h2 


h  =  0.046 

k  =  0.0063 

When  there  are  wood  forms  on  one  or  both  sides  of  the  wall  or 
slab,  a  thickness  of  concrete  equivalent  in  effect  to  the  given' thickness 
of  the  board  must  be  added  to  the  thickness  of  concrete  in  the  manner 
described  in  Article  12.  To  apply  the  equation,  use  the  values  h  = 
0.031  and  Jc  =  0.0063  for  the  case  of  forms  on  both  sides,  and  h  =  0.046 
and  k  =  0.0063  for  the  case  with  form  on  one  side,  to  calculate  the 
temperature  of  the  unprotected  side. 

18.  Beam  or  Column  of  Rectangular  Cross-section. — If  a  thick- 
ness of  concrete  equivalent  in  effect  to  the  given  thickness  of  board 
is  assumed  as  before,  the  following  equation  of  flow  of  heat  in  a  rec- 
tangular parallelepiped  will  give  the  temperature  in  a  beam  or  column 
of  rectangular  cross-section  with  wood  forms,  at  any  time  after  pouring 
the  concrete  until  the  freezing  of  concrete  begins.  Let  the  initial 
temperature  of  a  fresh  concrete  column  or  beam  (a  by  &  in  cross  sec- 
tion, c  in  length)  be  v0  above  the  temperature  of  the  air,  cooling  taking 
place  at  the  faces  by  radiation  and  convection  into  the  air. 

Then  the  following  equations  must  be  satisfied : 

dv        ,  | d2v    ,    d2 v    ,    d2v , 

=  k-\-5- 9+-i-^  +  -E~7y      m  the  solid; 


dt  \  dx2        dy2       dz2 
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— ^ h  hv  =  0     at     x  =  0,y  =  0,z  —  0; 

+  /i  y  =  0         at    a;=a,y  =  6,2  =  c; 


d  x 

v  —  va     at     t  —  0  . 
The  solution*  of  these  equations  is 

oc     oc     oc 

£.    -43^3  V  V  V  -Y2P+1  ^  +  1 Z2r+1 

v0~*n  LLLa(alP+1+h2)-}-2h   b((3l+1+h*)+2h  c(y22r+1+h2)  +  2h 

p=0  <p=0  r^O 

_k(a*       +13'      +T      )t  ... 

*V     2p+l  2«+l  2r+l/  l     (9) 

or  v  =  c  v„ 

where 

X  =  cos  a  x  -\ sin  a  x 

a 

Y=  cos  $y  -\--Q-sinfiy 

Z  =  cos  y  z  H sm  7  2 

7 

and  a,  /3,  7  are  roots  of  the  equations 

2  ah 
tan  a  a  = 

tan  /3  b  = 

tanyc  = 

y2—h2 

Use  C.  G.  S.  units  and  h  =  0.031  and  h  -  0.0063 

19.  Column  of  Circular  Cross-section. — The  temperature  of  the 
fresh  concrete  column  of  circular  cross-section  is  v„  above  the  tempera- 
ture of  the  surrounding  air.  Call  I  the  radius  of  the  column.  It  is 
assumed  that  both  ends  of  the  column  are  well  protected  and  that 
cooling  takes  place  through  the  convex  surface  of  the  column,  so  that 
the  lines  of  flow  of  heat  are  radial  in  planes  perpendicular  to  the  axis 
of  the  column. 


a2-h2 

2ph 

(32-h2 

2yh 

*  Carslaw,    "Fourier's   Series   and  Integrals,"    page   320,    1906. 


42  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

Then  t lie  equations  of  temperature  expressed  in  cylindrical  co- 
ordinates, taking  the  center  as  origin,  are 

dv  /  d*v         1  dv  \  , 

-dT  =  l\W+    r   dr}  Q<r<1 

d  v 

-= \-  he  =  0  at  r  =  I , 

o  r 

v  =  v„  for        t  =  0  . 

The  solution*  of  these  equations  is 


2A   v    ~kc?J  ^o(aj) 


2. 


(10) 


v0  I     ^i  (ctl  +  W)  JAocJ) 

or     v  =  c  r„ 

in  which  a^  ,  a2  ,      are  the  roots  of  the  equation 

aJ'0  (al)  -hJ0(al)  =  0 

and  J0  is  the  Bessel's  function  of  the  first  kind  of  zero  order.  The 
values  of  the  thermal  constants  h  and  k  may  be  taken  as  h  =  0.046  and 
k  =  0.0063,  C.  G.  S.  units  being  used. 

When  there  are  wood  forms,  a  thickness  of  concrete  equivalent  in 
effect  to  the  given  thickness  of  the  board  must  be  added  to  the  thick- 
ness of  concrete  in  the  manner  described  in  Article  12  to  apply  equa- 
tion (10).  Call  I  the  total  radius  of  the  column  including  the  addi- 
tional thickness  equivalent  to  the  forms,  and  use  the  values  h  =  0.081 
and  k  =  0.0063.  Then  equation  (10)  will  give  the  temperature  in  the 
column  under  still  air  conditions  at  any  point  at  any  time  until 
the  freezing  of  the  concrete  begins. 


*  Carslaw,    ''Fourier's  Series  and   Integrals."   Page  313,    1!)0G. 
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IV.     Some  Application  of  Experimental  Data  and  Analysis 
to  Work  of  Concreting  in  Freezing  Weather 

20.  General  Considerations. — Heat  hastens  the  setting  and  hard- 
ening of  concrete;  cold  delays  it.  The  effect  of  cold  becomes  noticeable 
in  this  respect  when  the  temperature  falls  below  50  deg.  F.  (10  deg. 
C.)»  and  becomes  more  marked  with  lower  temperatures.  At  tempera- 
tures below  the  freezing  point  of  water  the  fresh  concrete  will  freeze. 

If  the  temperature  of  the  concrete  when  placed  is  low,  setting  will 
be  delayed,  and,  if  subjected  to  further  cooling  by  low  air  temperature, 
the  concrete  may  freeze  before  it  has  attained  sufficient  strength  to 
withstand  the  stresses  to  which  it  may  be  subjected,  or  even  before  it 
has  taken  its  set.  Serious  objection  should  be  made  to  allowing  con- 
crete to  freeze  before  it  has  set  or  even  before  it  has  hardened  very 
long.  The  general  opinion  is  that  a  freezing  temperature  will  not 
injure  concrete  that  has  first  had  an  opportunity  to  harden  for  at 
least  48  hours  under  favorable  conditions,  though  repeated  freezing 
and  thawing  at  an  early  age  may  be  expected  to  cause  injury.  It  is 
better  and  safer  to  protect  concrete  until  freezing  temperatures  will 
have  no  injurious  effect  on  it  than  to  expose  it  to  freezing  at  too  early 
an  age.  Accordingly,  the  exposure  of  fresh  concrete  to  freezing  is  not 
considered  here,  and  the  discussions  that  follow  apply  only  until  such 
a  time  as  the  freezing  of  fresh  concrete  would  begin. 

To  predict  tbe  temperature  of  the  concrete  after  a  certain  time 
by  the  application  of  the  theory  of  heat  conduction,  it  is  necessary  to 
forecast  atmospheric  temperature  for  some  time  after  the  concrete 
has  been  deposited.  The  forecast  of  the  weather  bureau  will  generally 
be  found  of  great  assistance. 

In  general,  concrete  work  in  winter  is  more  difficult  and  somewhat 
more  expensive  than  in  summer;  but  policy  frequently  makes  work 
in  cold  weather  necessary  and  even  economical.  However,  in  order  to 
attain  satisfactory  results  in  this  case,  proper  precautions  have  to  be 
observed. 

It  is  the  purpose  of  this  chapter  to  describe  some  applications  of 
the  experimenlal  data  to  concreting  in  freezing  weather.  It  is  not 
considered  that  the  solutions  given  are  very  exact,  but  it  is  hoped  to 
provide  some  information  concerning  the  precautions  to  be  observed. 
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The  general  effect  of  heating  the  materials,  the  presence  of  the  forms 
and  other  protective  covering,  and  the  use  of  chemicals  to  lower  the 
freezing  point  will  be  considered. 

21.  Concrete  with  One  Surface  Exposed. — The  larger  concrete 
constructions  such  as  foundations,  abutments,  and  retaining  walls 
fairly  well  protected  on  the  sides,  may  be  considered  to  have  the  cool- 
ing take  place  by  radiation  and  convection  over  one  exposed  surface, 
and  the  equations  given  in  Article  16,  "Massive  Concrete  with  One 
Surface  Exposed,"  may  be  considered  to  apply.  The  cooling  from 
the  sides  of  the  structure  will  be  small  as  compared  with  that  from  the 
exposed  surface. 

From  equation  (7)  the  diagrams  in  Figs.  13  and  14  have  been 
prepared;  v±  is  the  initial  temperature  of  the  concrete;  v2  is  the 
assumed  air  temperature  to  which  the  exposed  surface  will  be  sub- 
jected; v  is  the  temperature  attained  by  the  concrete  at  a  given 
distance  from  the  surface  at  the  given  time  after  the  concrete  was 

poured.    As =  c  is  a  ratio,  any  thermometric  scale  mav  be  used, 

and  the  diagrams  are,  therefore,  applicable  to  the  Fahrenheit  scale. 
It  should  be  borne  in  mind  that  for  the  constants  used,  the  diagrams 
do  not  apply  after  the  concrete  begins  to  freeze. 

As  an  example,  assume  the  temperature  of  the  finished  concrete 
to  be  60  deg.  F.,  and  that  of  the  air  the  following  night  10  deg.  F. 
From  Fig.  13  or  Fig.  14  the  ratio  c  for  temperature  at  the  surface 
after  12  hours  is 

«■— -«r?n-0J. 

vx-v2       60-10 

v      =35  deg.  F. 

After  12  hours  the  temperature  4  in.  below  the  surface  (from  Fig. 
13  or  Fig.  14,  ratio  c  =  0.705)  will  be 

v  =  V2  -j-  0.705  {v1  -v2)  =  45  deg.  F. 

To  determine  the  time  when  the  freezing  point  will  be  reached  at 
the  surface  of  the  concrete  for  the  temperatures  just  used,  the  ratio 


v-v2       32-10 


=  0 .  44,  and 


vx-v2      60-10 
from  Fig.  13  the  time  corresponding  to  this  ratio  is  18  hours. 
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concrete  begins  to  freeze. 
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Fig.  13.     Diagrams  for  Cooling  of  Massive  Foundations 
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Fig.  14.     Diagrams  for  Cooling  of  Massive  Foundations 
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Attention  is  again  called  to  the  fact  that  the  cooling  is  assumed 
to  have  taken  place  under  still  air  conditions.  The  experiments  showed 
that  exposing  the  surface  to  wind  produced  a  much  more  rapid  cool- 
ing of  the  concrete  at  its  surface,  though  the  effects  did  not  penetrate 
far  below  the  surface. 

When  the  surface  of  the  concrete  is  protected  by  a  covering,  as 
for  example  a  wooden  form,  the  radiation  and  conduction  at  the 
surface  is  modified  and  a  different  thermal  constant  must  be  used. 
Figs.  15  and  16  give  curves  of  cooling  for  a  surface  covered  with 
boards,  calculated  by  the  method  described  in  Article  16.  To  use  these 
diagrams,  consider  that  the  board  covering  is  equivalent  in  effect  to  an 
additional  thickness  of  concrete,  which  may  for  the  purpose  be  taken 
as  five  times  the  thickness  of  the  board,  and  take  from  the  diagram  the 

ratio    -    ■ — -   which  corresponds  to  the  total  distance  to  the  point  in 
Vi  -v-, 

question,  including  in  this  distance  the  equivalent  thickness  due  to  the 
thickness  of  the  form. 

As  an  example  assume  the  thickness  of  the  board  to  be  1  in. 
This  will  be  considered  equivalent  to  adding  5  in.  of  concrete. 
Take  v1  as  60  deg.  F.  and  v.,  as  10  deg.  F.  From  Figs.  15  and  16  the 
ratio  after  72  hours  at  a  depth  of  5  in.,  corresponding  to  the  actual 
surface  of  the  concrete,  is  0.5.     Then 

v  =  io  +  0.5  (60  -  10)  =  35  deg.  F. 

which  is  the  expected  temperature  at  the  surface  of  the  concrete  after 
72  hours.  Similarly,  a  2-in.  board  covering  will  show  a  temperature 
at  the  surface  of  the  concrete  after  72  hours  of  41  deg.  F.  The  fore- 
going examples  assume  that  the  thickness  of  the  concrete  is  not  small ; 
little  error  will  be  found  if  the  thickness  is  at  least  6  in. 

A  covering  of  boards  placed  over  the  surface  of  concrete,  such 
as  a  floor  or  pavement,  will  give  much  the  same  effect  as  the  forms, 
if  the  covering  is  tight  enough  to  prevent  the  circulation  of  air  and 
wind. 

As  the  experiments  with  a  protection  of  canvas  3  in.  from 
the  surface  of  the  concrete  showed  about  the  same  effect  as  that  found 
with  a  covering  of  %-in.  boards,  Figs.  15  and  16  may  also  be  expected 
to  give  values  of  the  ratio  approximating  the  conditions  of  the  canvas 
cover. 

For  a  covering  of  earth  Figs.  13  and  14  may  be  expected  to  ap- 
proximate the  cooling  conditions,  the  effect  of  a  given  thickness  of 
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earth  being  taken  as  the  same  as  that  of  an  equal  thickness  of  concrete. 
The  temperature  of  the  surface  of  the  concrete  will  then  be  determined 
by  finding  a  value  for  a  distance  below  the  surface  equal  to  the  thick- 
ness of  the  earth  cover.  This  really  assumes  that  one  inch  of  boards 
gives  the  same  protection  as  five  inches  of  earth. 

22.  Thin  Wall  or  Slab. — The  concrete  of  temperature  vx  is  de- 
posited into  the  wood  forms  of  a  wall.  The  average  temperature  of 
the  air  from  the  time  of  pouring  the  concrete  to  a  certain  time  is 
expected  to  be  v2.  It  is  required  to  predict  the  temperature  in  the 
wall  at  that  time,  assuming  that  both  the  top  and  bottom  of  the 
wall  are  well  protected  from  cooling. 

If  the  thickness  of  the  boards  of  the  form  is  %  in.,  the  curves 
of  temperatures  shown  in  Fig.  10,  which  embody  the  results  of  the 
experiments,  are  directly  applicable  for  walls  having  the  thicknesses 
of  24  in.,  16  in.,  and  8  in.  respectively.  As  an  example,  assume 
Vi  =  60  deg.  F.,  v2  =  10  deg.  F.,  and  thickness  of  the  wall  =  16  in. 

From  Fig.  10  the  ratio  c  = -.   for  temperature  at  the  surface 

vl-v2 

of  the  concrete  36  hours  after  pouring,  is 

e  =  ±=*_  Ip*       0.525 
vx-v2      60-10 

v  =  36  deg.  F. 

After  36  hours  the  temperature  at  the  center  of  the  wall  (from  Fig.  10, 
c  =  0.615)  will  be 

v  =  10  +  0.615  (60  -  10)  =  41  deg.  F. 
To  determine  the  time  when  the  freezing  point  will  be  reached  at 
the  surface  of  the  concrete  for  the  temperature  just  used,  the  ratio 

v-v2       32-10      „    .  .         , 

c  = =  rpr— : 77.  =  0.44,  and 

vx-v2       60-10 

from  Fig.  10  the  time  corresponding  to  this  ratio  is  about  46  hours. 

To  obtain  information  as  to  the  rate  of  cooling  for  other  thick- 
nesses of  walls  and  other  thicknesses  of  forms,  the  method  described  in 
Article  12  may  be  used.  The  temperatures  at  different  times  in  walls 
having  thicknesses  of  16  in.,  20  in.,  24  in.,  and  32  in.,  respectively, 
have  been  calculated  in  the  manner  described  in  Article  17  and 
plotted  in  Figs.  17  and  18.     To  use  these  diagrams,  consider  that 
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D/stance  from  //?&  Surface  /n  /nches 
17.     Diagrams  for  Cooling  of  Walls  Protected  by  Wood  Forms 


the  boards  of  the  forms  are  equivalent  in  effect  to  an  additional 
thickness  of  concrete,  which  may  for  the  purpose  be  taken  as  rive 
times  the  thickness  of  the  board,  and  calculate  the  total  thickness  of 
the  wall.     From  the  diagram  corresponding"  to  the  total   thickness. 

take  the  ratio  -  which  corresponds  to  the  total  distance  to  the 

vl  ~  r2 

point  in  question,  including  in  this  distance  the  equivalent  thickness 
of  concrete  corresponding  to  the  thickness  of  the  form. 
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If  this  total  thickness  lies  between  the  values  shown  on  the  dia- 
grams the  method  of  interpolation  may  be  used. 

As  an  example,  assume  vx  =  60  deg.  F.,  v2  =  10  deg.  F.,  Z0  =  the 
thickness  of  the  wall  =  14  in.,  and  V  =  the  additional  thickness  of 
concrete  having  the  same  effect  as  the  given  thickness  of  form.  With 
a  1-in.  board  V  will  be  taken  as  5  in.,  which  must  be  added  on 
each  side  of  the  wall. 


D/st&nce  from  f/ie  Surface  /r?  /nc/ies 
Fig.  18.     Diagrams  for  Cooling  of  Walls  Protected  by  Wood  Forms 
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Then  the  total  thickness  of  the  wall  is 

I  =  l0  _|_  2  r  —  14  +  10  =  24  in. 

From  Fig.  18  the  ratio    — ; — —   after  36  hours,  at  a  depth  of  5 

vx-v2 

in.,  corresponding  to  the  actual  surface  of  the  concrete,  is  0.52.     Then 

v  =  10  -f  0.52  (60  -  10)  =  36  deg.  F. 

Similarly,  the  time  at  which  the  freezing  temperature  will  reach  the 

concrete  is  estimated  to  be  45  hours. 

23.  Column  of  Circular  Cross-section. — Consider  that  concrete 
of  temperature  vx  is  deposited  into  wood  forms  of  circular  cross-section, 
the  temperature  of  the  surrounding  air  being  v2.  Assuming  the 
equivalent  thickness  of  concrete  for  the  board  of  the  form,  let  the  total 
radius  of  the  equivalent  column  be 

I  —  rQ  +  V 

where  rQ  is  the  radius  of  the  column  and  t'  is  the  additional  thickness 
of  concrete  having  the  same  effect  as  the  given  thickness  of  form. 
which  may  for  the  purpose  be  taken  as  five  times  the  thickness  of 
the  board.  If  both  ends  of  the  column  are  well  protected  from  cool- 
ing, equation  (10)  applies  to  this  case. 

For  the  values  of  radius,  I,  of  10  in.,  14  in.,  and  20  in.,  respectively, 

the  ratio  c  = has  been  calculated  by  equation  (10)  in  the  man- 

V\  -v-2 

ner  described  in  Article  19  and  plotted  in  Fig.  19. 

The  use  of  this  figure  is  similar  to  that  of  Figs.  17  and  18. 

24.  Heating  the  Materials. — A  good  method  to  use  in  concreting 
in  freezing  weather  is  to  heat  the  materials.  Frozen  aggregate  is 
frequently  considered  to  be  the  cause  of  failure  of  concrete  laid  in 
freezing  weather.  The  water,  the  sand  and  the  water,  or  the  entire 
aggregate  and  the  water  should  be  heated,  as  called  for  by  circum- 
stances. 

It  is  clear  that  heating  the  materials  lengthens  the  time  before 
the  mixture  becomes  cold  enough  to  freeze.  In  order  that  the  freezing 
temperature  may  not  penetrate  into  the  surface  of  fresh  concrete  it 
is  necessary  that,  using  Fahrenheit  units, 

(11) 
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D/st&ntre  fro/7?  t/?e  Surface  /n  /r?c/?<?s 


Fig.  19.     Diagrams  for  Cooling  op  Circular  Columns  Protected  by 

Wood  Forms 
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where  c  is  the  ratio   —    at  the  surface  of  the  concrete  at  a  given 

time  after  pouring. 

This  expression  gives  the  temperature  at  which  the  concrete  must 
be  finished  to  prevent  its  freezing  after  it  has  been  exposed  to  the 
low  temperature  for  the  given  length  of  time.  The  values  of  c  for 
foundations,  walls,  etc.,  maj7  be  obtained  from  the  diagrams  for  the 
several  cases  already  explained. 

As  an  example,  in  order  that  the  freezing  temperature  may  not 
penetrate  below  the  surface  of  the  concrete  foundation,  used  as  an 
example  in  Article  21,  after  48  hours  with  the  temperature  of  the  air 
10  deg.  F.,  the  temperature  at  which  the  concrete  must  be  placed  is 
found  from  Fig.  13  and  formula  (11)  to  be  79  deg.  F. 

If,  in  the  same  example,  the  fresh  concrete  is  deposited  at  100  deg. 
F.  instead  of  at  60  deg.  F.,  the  temperature  used  in  the  example  in 
Article  21,  the  time  required  for  the  surface  of  the  concrete  to  cool 
to  32  deg.  F.  will  be  found  by  extrapolation  to  be  about  80  hours 
instead  of  18  hours. 

There  is  a  practical  limit  to  the  value  of  vl}  as  excessive  heating 
may  accelerate  too  much  the  setting  of  the  cement.  The  safe  maximum 
temperature  of  the  fresh  concrete  may  be  taken  as  about  100  deg.  to 
120  deg.  F.    Putting  these  values  in  formula  (11),  it  becomes 

*>(a-'T*m) (12) 

For  a  given  length  of  time  after  pouring,  the  lowest  expected 
temperature,  when  using  this  method  of  heating  the  materials,  can  be 
obtained  from  the  above  expression. 

It  is  to  be  noted  here,  that,  as  heating  the  materials  accelerates 
the  rate  of  hardening,  this  also  helps  to  insure  the  setting  of  the 
concrete  before  it  can  be  damaged  by  frost. 

In  using  this  method  it  should  be  kept  in  mind  that  every  effort 
must  be  taken  to  keep  the  fresh  concrete  at  a  temperature  not  below 
the  specified  one.  The  rapidity  with  which  the  work  can  be  done 
after  the  heating  is  stopped,  needs  much  consideration.  As  a  practical 
precaution  special  care  must  be  taken  to  remove  all  frozen  lumps  of 
aggregate  and  all  ice  and  snow  crystals. 

25.  Lowering  the  Freezing  Point  of  the  Mixing  Water  by  Using 
Chemicals. — One  way  of  preventing  the  freezing  of  fresh  concrete 
in  cold  weather  is  to  lower  the  freezing  point  of  the  water  in  the  con- 
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crete  by  employing  chemicals,  usually  common  salt,  or  sodium  chloride, 
and  to  a  lesser  extent  calcium  chloride. 

Though  this  method  is  effective  only  for  temperatures  a  little  below 
freezing,  and  should  not  be  used  where  there  is  danger  of  electrolysis, 
nor  in  concrete  reinforced  with  steel,  it  is  sometimes  used  because  of 
the  simplicity  of  the  process. 

Approximately,  by  Professor  Tetmajer's  rule  reduced  to  Fahren- 
heit units,  each  per  cent  by  weight  of  salt  added  to  the  water  reduces 
the  freezing  point  by  one  degree  Fahrenheit,  no  more  than  10  per 
cent  by  weight  being  considered  safe  practice. 

Formula  (11)  is  applicable  to  this  case.  Using  10  per  cent  salt 
brine,  the  relation  between  v1  and  v2  is 

22     (1-c)  ,1Q. 

As  may  be  seen  from  the  curves  of  cooling  for  the  several  cases, 
in  ordinary  cold  weather  the  freezing  temperature  will  not  penetrate 
many  inches  into  the  concrete  in  two  or  three  days  after  pouring. 
Consequently,  it  is  not  necessary  to  use  brine  with  the  whole  mass  of 
concrete.  Only  the  surface  layer  of  the  concrete  need  be  made  with 
brine. 

If  the  temperature  of  the  air  is  much  below  the  freezing  point  o£ 
the  mixture,  equations  (11)  and  (13)  show  that  the  advantage  of  the 
chemical  is  small.  In  fact,  protection  by  some  form  of  covering  is 
generally  much  to  be  preferred,  especially  as  the  rate  of  hardening  is 
reduced  both  by  the  presence  of  the  salt  and  the  lower  temperature 
attained. 

26.  General  Conclusions. — It  is  believed  that  the  constants  de- 
rived from  the  tests  are  applicable  to  the  ordinary  conditions  of  fresh 
concrete.  The  value  of  k,  the  diffusivity,  is  0.0063 ;  that  of  h,  the 
ratio  of  the  emissivity  to  the  coefficient  of  conductivity,  is  0.046. 

From  the  cooling  curves  given  for  massive  concrete,  thin  walls  and 
slabs,  and  beams  and  columns,  the  time  of  cooling  and  the  temperature 
attained  by  the  concrete  in  any  particular  case  may  be  estimated. 

The  protection  afforded  by  board  forms  and  by  canvas  is  consider- 
able, as  was  shown  by  the  examples  given. 

If  a  canvas  protection  is  used,  care  must  be  taken  to  prevent  any 
circulation  of  cold  air,  and  it  is  best  to  observe  the  temperature  in  the 
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air  space  by  means  of  a  thermometer.  Knowing  this  temperature,  the 
time  when  the  freezing  temperature  will  penetrate  into  the  concrete 
may  be  estimated  from  the  diagrams  and  the  necessity  of  using  arti- 
ficial heat  determined. 

The  heating  of  the  materials  is  seen  to  furnish  an  excellent  method 
of  ensuring  early  hardening  and  delaying  the  fall  in  temperature.  It 
is  much  to  be  preferred  to  the  use  of  chemicals. 

The  effect  of  the  wind  should  also  be  given  consideration. 

The  diagrams  are  of  some  value  in  connection  with  the  determina- 
tion of  the  time  for  the  removal  of  the  forms,  since  they  will  enable  the 
temperature  attained  by  the  concrete  to  be  estimated.  As  the  concrete 
gains  strength  much  more  slowly  at  a  low  temperature,  and  as  frozen 
concrete  is  especially  dangerous,  information  on  the  temperature  at- 
tained is  of  value  and  the  too  early  removal  of  forms  may  be  avoided. 
If  by  this  or  other  means  the  mean  temperature  of  the  concrete  for  a 
given  time  is  known,  the  comparative  strength  of  the  concrete  may  be 
estimated  from  the  diagrams  given  by  Professor  A.  B.  McDaniel  in 
Bulletin  No.  81  of  the  Engineering  Experiment  Station  of  the  Uni- 
versity of  Illinois,  which  shows  the  influence  of  temperature  on  the 
strength  of  concrete,  and  thus  the  judgment  may  be  aided  in  deciding 
on  the  safe  time  to  remove  the  forms. 
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AN  INVESTIGATION  OF  THE  FATIGUE  OF  METALS 
I.     Introduction 

1.  Inception  of  the  Investigation. — For  three-quarters  of  a  cen- 
tury the  problem  of  the  strength  of  metals  under  stresses  repeated 
many  times  has  engaged  the  attention  of  engineers.  It  has  been 
recognized  that  loads  which  cause  no  apparent  damage  when  applied 
a  few  times  to  a  machine  or  structural  part  may  cause  failure  if 
applied  many  times.  Various  investigations  of  the  phenomenon  of 
failure  under  repeated  stress*  have  been  made  and  the  name  ' '  fatigue 
of  metals"  has  been  given  to  it.  The  earliest  extensive  investigation. 
and  the  best  known,  is  that  of  Wohler,  whose  results  were  published 
in  1870. 

During  the  world  war  the  question  of  strength  of  airplane  parts 
under  repeated  stress  became  of  prime  importance.  A  special  phase 
of  this  problem  was  a  study  of  the  strength  of  parts  made  of  cold- 
drawn  steel,  and  a  short  series  of  experiments  was  made  in  the  labora- 
tories of  the  University  of  Illinois  at  the  request  of  the  National 
Research  Council. t  This  problem  and  other  problems  of  material 
under  repeated  stress,  notably  repeated  stresses  in  welded  ships, 
brought  the  whole  subject  of  fatigue  phenomena  of  metals  to  the 
attention  of  the  National  Research  Council.  The  result  was  the 
organization  of  an  investigation  by  the  cooperation  of  the  National 
Research  Council  Division  of  Engineering,  Engineering  Foundation, 
and  the  Engineering  Experiment  Station  of  the  University  of  Illi- 
nois.    Later  the  General  Electric  Company  joined  this  group. 

The  National  Research  Council  furnished  an  Advisory  Commit- 
tee to  formulate  general  policies  for  the  investigation.  The  Engineer- 
ing Experiment  Station  provided  a  laboratory,  the  time  of  one  mem- 
ber of  its  staff,  and  the  use  of  much  apparatus.  A  previous  progress 
report  of  this  investigation  gave  a  general  summary  of  the  knowledge 
of  fatigue  phenomena  of  metals  current  at  the  time  of  the  beginning 
of  the  investigation.     This  was  published  in  "Mechanical  Engineer- 


*  See  Appendix  C,  which  gives  a  glossary  of  technical  terms  used  in  this  bulletin, 
t  Moore  and   Putnam,    Am.    Inst,   of  Mining  and   Metall.   Engrs.,   Bui.   146.   p.   401,   Feb., 
1919. 
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ing"  (the  organ  of  the  American  Society  of  Mechanical  Engineers), 
for  September,  1919,  and  is  reprinted  in  substance  as  Appendix  B  of 
this  bulletin.* 

The  investigation  was  financed,  first,  by  Engineering  Foundation 
from  the  fund  given  by  Mr.  Ambrose  Swasey  of  Cleveland,  Ohio. 
This  grant  was  sufficient  to  permit  the  organization  of  a  test  party, 
the  purchase  of  many  pieces  of  apparatus,  the  preparation  of  a  large 
number  of  specimens,  and  the  maintenance  of  the  laboratory  for  a 
term  of,  two  years.  In  1920  the  General  Electric  Company  con- 
tributed an  equal  sum  for  investigations  along  certain  lines  of  special 
interest  to  them,  without  any  restrictions  as  to  the  free  publication 
of  the  results.  This  contribution  made  possible  the  enlargement  of  the 
test  party  and  the  purchase  of  more  equipment.  The  lines  of  in- 
vestigation desired  by  the  General  Electric  Company  follow  so  closely 
the  lines  of  the  original  investigation  that,  in  compiling  this  report, 
data  and  results  have  been  taken  from  both  parts,  but  mainly  from 
the  original  investigation  financed  by  Engineering  Foundation,  as, 
owing  to  the  fact  that  this  part  of  the  investigation  had  been  in  pro- 
gress for  a  longer  time,  more  material  was  available  from  this  source. 

2.  Personnel  of  the  Advisory  Committee  of  the  Division  of  En- 
gineering of  the  National  Research  Council. — The  personnel  of  the 
Advisory  Committee  is  given  below: 

0.  H.  Basquin,  Professor  of  Applied  Mechanics,  North- 
western University; 

F.  P.  Gilligan,  Secretary-Treasurer,  Henry  Souther  En- 
gineering Company; 

Henry  M.  Howe,  Metallurgist,  Bedford  Hills,  New  York; 

Zay  Jeffries,  Director  of  the  Cleveland  Section  of  the 
Research  Bureau,  Aluminum  Company  of  America; 

T.  R.  Lawson,  Professor  of  Rational  and  Applied  Mechanics, 
Rensselaer  Polytechnic  Institute; 

J.  A.  Mathews,  President,  Crucible  Steel  Company  of 
America ; 


*For   a  more   detailed   account   of   previous   investigations   of   the   strength    of   materials 
under  repeated  stress  see: 

Unwin,  W.  C.     "The  Testing  of  the  Materials  of  Construction,"  Chap.  XVI,   1910. 
Withey  and  Aston,  "Johnson's  Materials  of  Construction,"  Fifth  Edition,  Chap.  XXVIII. 
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John  H.  Nelson,  Chief  Metallurgist,  Wyman-Gordon  Com- 
pany; 

W.  E.  Ruder,  Metallurgist,  Research  Laboratory,  General 
Electric  Company; 

H.  L.  Whittemore,  Chief  of  Section  of  General  Physical 
Testing,  U.  S.  Bureau  of  Standards ; 

Leonard  Waldo,  Consulting  Engineer,  New  York  City; 

H.  F.  Moore,  Research  Professor  of  Engineering  Materials, 
University  of  Illinois,  Chairman. 

In  connection  with  the  work  of  the  Advisory  Committee  there 
have  been  organized  two  sub-committees :  first,  a  sub-committee  on 
Heat  Treatment  of  Specimens,  J.  H.  Nelson,  Chairman  (resigned 
October  22,  1920),  W.  E.  Ruder,  Chairman  (since  October  30,  1920), 
and  F.  P.  Gilligan;  and  second,  a  sub-committee  on  Statistics,  T.  R. 
Lawson,  Chairman,  Leonard  Waldo,  and  H.  L.  Whittemore. 

3.  Outline  of  Investigation. — At  a  meeting  held  February  19, 
1920,  the  Advisory  Committee  planned  reconnaissance  tests  of  ma- 
terials well  scattered  over  the  field  of  ferrous  metals,  in  most  cases 
studying  two  or  more  distinct  heat  treatments  for  each  metal.  It 
was  decided  not  to  enter  the  field  of  non-ferrous  metals  at  this  time. 

For  each  heat  treatment  of  each  steel  tested  it  was  planned  to 
make  a  series  of  tests  of  specimens  under  reversed  bending  stress, 
using  various  stresses,  until  an  ' '  endurance ' '  of  100  000  000  reversals 
was  reached;  to  make  corresponding  static  tests  in  tension,  compres- 
sion, and  shear  (torsion)  ;  and  to  make  various  auxiliary  tests,  in- 
cluding hardness  tests  and  impact  tests. 

It  was  planned  to  use  magnetic  analysis  for  examining  the  homo- 
geneity of  the  material  tested,  and  to  study  various  accelerated  tests 
for  resistance  to  repeated  stress  in  order  to  determine  their  reliability. 

The  main  purpose  of  this  first  stage  of  the  investigation  was  to 
determine  whether  for  ferrous  metals  there  exists  any  clearly  defined 
relation  between  the  static  properties  (elastic  limit,  yield  point,  ulti- 
mate tensile  strength,  elongation,  reduction  of  area,  hardness,  etc.) 
and  ability  to  resist  reversed  stress. 

When  later  the  General  Electric  Company  became  a  party  to 
the  investigation  there  was  added  to  this  program  the  study  of  the 
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effect  of  range  of  stress  (stress  partially  reversed  or  repeated  but 
not  reversed,  as  well  as  stress  completely  reversed)  upon  the  strength 
of  ferrous  metals  under  repeated  stress.  Work  on  this  phase  of  the 
investigation  has  not  passed  the  preliminary  stage. 

4.  Organization  of  Test  Party— The  test  party  was  organized 
as  follows.  The  chairman  of  the  Advisory  Committee,  H.  F.  Moore, 
who  was  also  a  member  of  the  technical  staff  of  the  Engineering  Ex- 
periment Station,  was  in  general  charge.  The  University  allowed 
him  to  give  nearly  all  his  time  to  this  work.  An  engineer  of  tests, 
J.  B.  Kommers,  was  in  immediate  charge  of  the  work  of  the  test 
party.  Two  test  assistants  carried  on  the  routine  work.  Two  mecha- 
nicians prepared  specimens  and  repaired  and  built  auxiliary  parts 
for  apparatus,  and  a  clerk  gave  half  her  time  to  the  office  work.  The 
professor  in  charge  of  the  metallographic  laboratory  in  the  Depart- 
ment of  Chemistry  gave  some  time  to  the  metallographic  features. 
Certain  students  of  marked  ability  were  allowed  to  take  thesis  work 
in  connection  with  the  investigation. 

5.  Aeknoivledgwcnts. — The  Investigation  of  Fatigue  of  Met- 
als was  made  a  part  of  the  research  work  of  the  Department  of 
Theoretical  and  Applied  Mechanics,  and  was  carried  on  under  the 
general  administrative  direction  of  the  head  of  the  department.  Pro- 
fessor A.  N.  Talbot. 

Dr.  Henry  M.  Howe,  while  serving  as  Chairman  of  the  En- 
gineering Division  of  the  National  Research  Council,  took  an  active 
interest  in  the  fatigue  phenomena  in  metals  and  it  was  largely  owing 
to  his  suggestion,  activities,  and  influence  that  this  extensive  investi- 
gation was  made  possible. 

Acknowledgment  is  due  the  following  individuals,  firms,  and 
institutions : 

Wyman-Gordon  Company,  Worcester,  Massachusetts,  manu- 
facturers of  drop  forgings,  for  assistance  in  the  work  of  heat 
treatment  of  certain  steels ; 

The  University  of  Wisconsin,  for  the  loan  of  a  testing 
machine,  and  for  permission  to  use  certain  test  data  in  connec- 
tion with  Appendix  A  of  this  bulletin ; 
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The   American   Society   op   Mechanical    Engineers,    for 
permission  to  reprint  the  Progress  Report,  Appendix  B; 
The  Illinois  Steel  Company,  Chicago,  Illinois, 
The   John   A.    Roeblings   Sons    Company,    Trenton,    New- 
Jersey, 

The  Halcomb  Steel  Company,  Syracuse,  New  York, 
The  Standard  Steel  Company,  Philadelphia,  Pennsylvania, 
The  Carnegie  Steel  Company,  Pittsburgh,  Pennsylvania 
The  General  Electric  Company,  Schenectady,  New  York, 
and  The  Midvale  Steel  and  Ordnance  Company,  Philadelphia, 
Pennsylvania,  for  steel  supplied  for  the  investigation; 

The  American  Rolling  Mills  Company,  for  a  supply  of 
Arnico  iron  (in  this  bulletin  this  material  is  designated  as  0.02 
carbon  steel)  ; 

Mr.  W.  J.  Prancke  of  New  Brunswick,  New  Jersey,  for  a 
number  of  special  flexure  tests  upon  various  types  of  steel,  and 
for  depositing  one  of  his  special  flexure  testing  machines; 

Dr.  Charles  W.  Burrows,  Grasmere,  Borough  of  Rich- 
mond, New  York  City,  for  permission  to  use  his  patented  method 
of  magnetic  analysis  for  detecting  flaws  in  steel; 

The  Physics  Department  and  the  Chemistry  Department  of 
The  University  of  Illinois,  for  the  loan  of  apparatus  and  for 
the  use  of  rooms  in  which  special  tests  were  made. 
The  work  of  the  following  members  of  the  test  party  is  grate- 
fully acknowledged: 

Professor  D.  A.  McFarland  and  Professor  W.  S.  Put- 
nam of  the  Department  of  Chemistry,  for  assistance  in  metallog- 
raphic  work; 

F.  H.  Fish,  F.  M.  Howell,  F.  M.  Post,  J.  W.  Harsch,  and 
Professor  W.  J.  Putnam. 

The  following  students  in  mechanical  engineering  of  the  1921 
senior  class  have  taken  thesis  work  in  connection  with  this  investi- 
gation, and  their  work  has  been  of  no  small  value : 

Messrs.  R.  F.  Packard  and  Martin  Frisch,  subject,  "The  Ef- 
fect of  Over-Stress  on  Subsequent  Resistance  to  Repeated  Stress"; 
George  R.  Caskey,  subject,  "The  Effect  of  Surface  Finish  on  Re- 
sistance to  Repeated  Stress";  John  A.  Goff,  subject,  "The  Effect 
of  Radius  of  Fillet  on  Resistance  to  Repeated  Stress." 
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II.     Materials,   Tests,    Testing   Apparatus,    and   Test   Specimens 

6.  Materials. — It  having  been  decided  to  confine  this  prelimin- 
ary investigation  to  ferrous  metals,  a  series  widely  distributed  among 
the  varieties  of  steels  in  common  use  was  selected.  Table  1  gives 
the  chemical  analyses  and  reference  numbers  for  the  different  metals 
tested. 


Table  1 
Chemical  Analyses  of  Steels  Tested 


Steel 
No. 


Furnished  by 


Material 
Furnished  in 


Content,  Per  Cent 


Car- 
bon 


Chro- 
mium 


Nick- 
el 


Sili- 
con 


Man- 
gan- 
ese 


Phos- 
phor- 


Sul- 
phur 


3 

4 
5 
C 

7 

9 

10 
50 

51 


Illinois  Steel  Co 

John  A.  Roeblings 
Sons  Co 

John  A  Roeblings 
Sons  Co 

Halcomb  Steel  Co 

Carnegie  Steel  Co. 
through  Standard 
Steel  Co 

Midvale  Steel  &  Ord 
Co.  through  General 
Electric  Co 

American  Rolling  Mill 
Co 

Inland  Steel  Co 

J   T.  Ryerson  &  Son 
(Cold-drawn     screw 
stock) 

Univ.  of  111.  stock  (hot- 
rolled     reinforcing 
rod) 


2X1  flats 

Billets  4-in.  square 

Billets  4-in.  square 
2X1  flats 

2X%  flats 

1-in.  squares    

1-in.  rounds 

if -in.  squares.  .    . 

j^-in.  rounds 

3^-in.  rounds 


1.20 
0.52 


0.37 
0  24 


0.93 


0  41 


0.02 
0.49 


0.20 
0.18 


0.87 


3.33 


0.18 


3.41 


0.19 
0.24 


0   16 
0.15 


0.03 


0.25 


0.02 
0.12 


0.03 
0.06 


0.25 
0.56 


0.58 
0.37 


0.38 


0.75 


0  03 
0.46 


0.67 
0.37 


0.021 
0.037 


0.032 
0.019 


0.017 


0.020 


0.005 
0  017 


0.025 
0.013 


0.021 
0.029 


0.035 
0.025 


0.045 


0.020 


0.042 
0.029 


0.090 
0.039 


It  was  decided  to  use  two  or  more  heat  treatments  for  most  of 
the  metals  tested.  The  heat  treatments  used  are  shown  in  Table  2, 
and  the  resulting  internal  structures  as  shown  by  microscopic  ex- 
amination are  given  in  Fig.  1. 

Excepting  materials  4,  5,  9,  50,  and  51,  all  were  first  given  a 
normalizing  heat  treatment  to  relieve  any  internal  strain  which  might 
be  present  and  to  give  a  common  basis  for  any  other  heat  treatments. 

All  the  steels  which  were  heat  treated  were  treated  in  the  form 
of  rectangular  bars  after  being  cut  up  according  to  the  diagram 
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shown  in  Fig.  2,  except  the  following:  0.37  carbon,  sorbitic,  treat- 
ment A;  1.20  carbon,  normalized;  1.20  carbon,  sorbitic;  and  0.93 
carbon,  troostitic.  These  steels  were  machined  somewhat  oversize, 
then  heat  treated,  and  later  finished  to  size. 


Table  2 
Heat  Treatments  of  Steels  Tested 


No. 


Steel 


Heat  Treatment 


to 


50 


51 


1  20  carbon,  normalized. 


sorbitic . 


0.52  carbon,  normalized . 
sorbitic .... 


0.37  carbon,  normalized . 


sorbitic  treatments 
A  and  B 


Chrome-nickel,  treatment  A . 
treatment  B . 


treatment  C . 


Heat  to  1460°  F.;  hold  15  min.;  cool  in  furnace  (this 
anneals  the  ?teel  so  that  it  can  be  machined) ;  then 
heat  to  1580°  F.;  hold  15  min.;  cool  in  furnace  with 
door  open. 

First  anneal  as  above;  then  heat  to  1470°  F.;  quench  in 
oil;  reheat  to  860°  F.;  hold  30  min.;  cool  in  air. 

Heat  to  1550°  F.;  hold  15  min.;  cool  in  air. 

First  normalize  as  above;  then  heat  to  1450°  F. ;  hold 

15  min.;  quench  in  water;  reheat  to  1200°  F.;  cool  in 

air. 

Heat  to  1495°  F.;  hold  15  min.;  cool  in  furnace  with  door 

open. 
This  steel  was  not  first  normalized.     Heat  to  1550°  F. ; 

hold   15  min.;  quench  in  water;  reheat  to  1050°  F. ; 

cool  in  air. 

Steel  received  annealed.  Heat  to  1525°  F.;  quench  in 
oil;  reheat  to  700°  F.;  quench  in  oil. 

Steel  received  annealed.  Heat  to  1525°  F.;  hold  for  J^ 
hour;  quench  in  oil.  Reheat  to  1450°  F. ;  quench  in 
oil.  Reheat  to  1200°  F.;  hold  for  1  hour;  cool  in 
furnace. 

Steel  received  annealed.  Heat  to  1525°  F. ;  hold  for 
Y-2.  hour;  quench  in  oil.  Reheat  to  1450°  F.;  quench  in 
oil.  Reheat  to  1200°  F.;  hold  for  1  hour;  quench  in 
water. 

Heat  to  1600°  F.;  hold  15  min.;  cool  in  air. 

First  normalize  as  above,  then  heat  to  1450°  F.;  hold  15 

min.;  cool  in  furnace. 
First  normalize  as  above;  then  heat  to  1450°  F. ;  hold  15 

min.;  quench  in  oil;  reheat  to  1200°  F.;  hold  30  min.; 

cool  in  air. 
First  normalize  as  above;  then  heat  to  1450°  F.;  hold 

15  min.;  quench  in  oil;  reheat  to  850°  F.;  hold  30  min.; 

cool  in  air. 

Normalize  by  heating  to  1525°  F.  and  cooling  in  furnace; 
then  heat  to  1525°  F.;  quench  in  oil;  reheat  to  1210°  F.;' 
hold  2  hours;  cool  in  furnace. 

Tested  as  received. 

Heat  to  1700°  F.;  hold  20  min.;  cool  in  air. 
First  normalize  as  above;  then  heat  to  1425°  F. ;  cuench 
in  water;  reheat  to  1200°  F.;  cool  in  furnace. 

Heat  to  1300°  F.;  hold  for  15  min.;  cool  in  furnace. 
Heat  to  1550°  F.;  hold  for  15  min.;  cool  in  furnace. 

Reduced  to  diameter  of  0.44  in.;  then  heat  to  500°  F.; 

cool  in  furnace. 
Reduced  to  diameter  of  0.48  in. ;  then  heat  to  500°  F. ; 
cool  in  furnace, 
cold  bent Bent  to  an  angle  of  45°  at  the  middle,  straightened  cold 


0.93  carbon 

normalized 

sorbitic 

troostitic 

3.5  nickel, 

treatment  B 

0.02  carbon 

0.49  carbon 

normalized 

Cold-drawn 
0.18  carbon 

sorbitic 

as  received. 

annealed 

annealed 

as  received. 

cold  stretched 

cold  stretched 
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7.  Tests. — Mechanical  tests  of  metals  may  be  divided  into  three 
groups:  first,  ''static"  tests,  usually  made  on  the  ordinary  tension- 
compression  testing  machine ;  second,  repeated-stress  tests,  and  third, 
impact  tests.  Static  tests  include  torsion  and  flexure  tests  and  Brinell 
hardness  tests.  Probably  scleroscope  hardness  tests  would  also  be 
classified  with  static  tests. 

The  results  of  static  tests  indicate  the  resistance  of  a  metal  to 
the  destructive  action  of  a  steady  load  or  a  load  applied  a  few  times. 
Static  tests  yield  significant  results  concerning  the  suitability  of 
material  for  buildings,  tanks,  and  other  structures,  including  most 
bridges. 

The  results  of  repeated-stress  tests  indicate  the  resistance  of  a 
metal  to  progressive  failure  under  many  repetitions  of  a  given  work- 
ing load.  Repeated-stress  tests  have  not  been  thoroughly  standard- 
ized, but  would  seem  to  yield  significant  results  concerning  the  suita- 
bility of  material  for  machine  or  structural  parts  which  are  to  be 
subjected  to  many  repetitions  of  loading  when  there  is  little  danger 
of  accidental  heavy  overload;  springs,  shafting,  and  car  axles,  for 
example. 

The  results  of  impact  tests  indicate  the  resisting  power  of  ma- 
terial against  shattering  under  sudden  heavy  overload.  Impact  tests 
would  seem  to  yield  significant  results  concerning  the  suitability  of 
material  for  machine  or  structural  parts  which  may  be  occasionally 
subjected  to  heavy  overload,  and  which  can  still  be  used  after  some 
permanent  distortion  has  taken  place.  Impact-resisting  power  seems 
to  be  a  sort  of  insurance  against  complete  collapse  under  sudden  over- 
load. 

In  this  connection  it  may  be  noted  that  the  strength-indicating 
results  of  static  tests  and  the  endurance  limits  given  by  repeated- 
stress  tests  are  measured  in  the  same  units — pounds  per  square  inch ; 
the  results  of  impact  tests  are  measured  in  units  of  energy — foot- 
pounds or  inch-pounds.  It  may  be  further  noted  that  the  results  of 
an  impact  test  are  comparable  with  a  measurement  of  the  area  under 
the  complete  stress-strain  diagram  for  a  static  test,  or,  using  a  rough 
approximation,  the  results  of  an  impact  test  are  comparable  with  the 
product  of  ultimate  strength  and  elongation  given  by  a  static  test. 
The  term  toughness  is  sometimes  used  to  indicate  a  combination  of 
the  static  strength  and  the  ductility,  and  the  impact  test  may  be  said 
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to  be  the  index  of  the  toughness  of  a  material.  Again  it  may  be  noted 
that  the  strength -indicating  results  of  static  tests,  and  the  results  of 
repeated-stress  tests  indicate  ability  to  withstand  normal  service  con- 
ditions, while  the  results  of  impact  tests — and  the  results  of  static 
tests  which  measure  ductility— indicate  ability  to  withstand  occa- 
sional overload  without  complete  shattering  failure. 

The  principal  series  of  tests  in  this  investigation  are  the  reversed- 
stress  tests  performed  on  the  various  materials.  These  tests  are  dis- 
cussed in  further  detail  in  Section  8.  As  the  problem  of  determining 
relations  existing  between  strength  under  repeated  stress  and  strength 
under  ordinary  static  tests  was  the  primary  problem  of  the  investiga- 
tion, careful  tests  on  ordinary  testing  machines  formed  another  series 
of  tests  of  prime  importance.  These  tests  included  tension  tests, 
compression  tests,  and  torsion  tests,  the  last  named  giving  values  for 
shearing  strength. 

In  addition  to  the  regular  static  tests,  a  limited  number  of  spe- 
cial flexure  tests  were  made,  some  in  the  laboratories  of  the  University 
of  Illinois  and  some  at  the  laboratory  of  Mr.  W.  J.  Francke  of  New 
Brunswick,  New  Jersey. 

Brinell  and  scleroscope  hardness  tests  were  made.  Charpy  im- 
pact tests  were  made,  both  on  notched  bars  in  bending  and  on  tension 
specimens. 

Magnetic  tests  for  homogeneity  were  made  on  the  bars  used  for 
repeated-stress  specimens  for  the  rotating-beam  machine  before  they 
were  reduced  at  the  center. 

8.  Testing  Machines  and  Apparatus.— The  rotating-beam  type 
of  testing  machine  was  chosen  for  the  basic  series  of  repeated-stress 
tests.  This  machine  has  been  used  by  many  previous  investigators, 
beginning  with  Wohler  in  his  historic  series  of  tests.  Fig.  3  is  from 
a  photograph  of  the  machine  used,  and  Fig.  4  shows  a  diagram  of 
the  machine. 

In  Fig.  3  and  Fig.  4  the  specimen,  A,  is  in  the  form  of  a  bar 
reduced  in  diameter  at  the  middle  of  its  length.  It  is  held  in  ball  bear- 
ings, B,  C,  D,  and  E,  by  means  of  draw- in  collets  (one  collet  is  shown 
in  detail  at  F).  The  specimen  is  driven  by  the  shaft,  G,  operating 
through  the  flexible  leather  disc,  H.  Pulley  K  is  driven  by  an 
electric  motor.     Load  is  applied  by  means  of  weights  hung  at  W. 


-M 


Fig.  3.     Rotating-Beam  Testing  Machine   (Farmer) 
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The  weight,  W,  is  distributed  to  the  bearings,  C  and  D,  by  means 
of  the  equalizing  bar,  M.  In  the  position  shown  the  specimen  is  un- 
der flexure  and  the  fibers  along  the  top  of  the  bar  are  in  compression 
while  those  on  the  under  side  of  the  bar  are  in  tension.  If  the  pulley 
is  given  half  a  revolution  the  stress  in  the  fibers  is  completely  re- 
versed. The  number  of  cycles  of  completely  reversed  stress  given 
to  the  specimen  is  equal  then  to  the  number  of  revolutions  of  the 
pulley,  K,  which  is  indicated  by  means  of  the  revolution  counter,  N. 
When  the  specimen  breaks,  the  center  bearings,  C  and  D,  drop  to- 
gether with  their  housings  and  strike  a  trigger  (not  shown  in  Fig.  4) 
which  releases  the  switch  controlling  the  motor. 

The  machine  produces  a  uniform  bending  moment  on  the  speci- 
men between  bearings  C  and  D.  This  form  of  machine  with  two 
symmetrical  loads  has  been  used  by  many  investigators,  the  first,  so 
far  as  is  known,  being  Professor  Sondericker,*  of  the  Massachusetts 
Institute  of  Technology  in  1892.  The  machine  used  in  the  present 
investigation  follows  in  its  details  quite  closely  that  described  by 
Mr.  F.  M.  Farmer  before  the  American  Society  for  Testing  Materi- 
als at  its  1919  meeting;  hence,  this  machine  is  sometimes  referred 
to  as  the  Farmer  machine. 

Fig.  5  is  from  a  photograph  and  Fig.  6  shows  a  diagram  of 
another  type  of  rotating-beam  machine  which  was  used  for  some 
tests.  This  machine  had  been  designed  by  Professor  Kommers  at 
the  University  of  Wisconsin  and  is  spoken  of  as  the  Wisconsin  ma- 
chine.    The  specimen  is  rotated  and  is  loaded  as  a  cantilever  beam. 

The  rotating-beam  type  of  machine  was  chosen  for  making  the 
basic  series  of  reversed-stress  tests  for  a  number  of  reasons.  In  this 
machine  the  magnitude  of  the  stresses  can  be  computed  with  a  high 
degree  of  precision,  and  a  prime  requisite  for  the  basic  series  of 
tests  was  that  there  should  be  little  uncertainty  as  to  the  values  of 
the  stresses  used.  In  its  operation  this  machine  is  very  free  from 
vibration.  The  slight  vibration  of  the  specimen  was  observed  to  be 
in  synchronism  with  the  rotation  of  the  machine,  and  probably  was 
caused  by  the  minute  deviation  from  straightness  of  the  axis  of  the 
specimen.    A  slight  vibration  in  synchronism  with  the  rotation  of  the 


*  Sondericker,   J.      "A  Description   of   Some   Repeated-Stress   Experiments,"   Tech.   Quar. 
Boston,  April,   1892. 
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Fig.  5.    Eotating-Beam  Testing  Machine   (Wisconsin) 
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specimen  does  not  alter  the  range  of  stress  to  which  the  specimen  is 
subjected.  The  results  obtained  by  this  type  of  machine  are  not 
seriously  affected  by  slight  changes  in  speed.     The  writers  made  a 


^Spec/men 


Loacr 'app//ea 'here  by 
spr/ngr  ba/<7K>ce 


I 


Drive  Pu//ey 


Fig.  6.    Diagram  of  Rotating-Beam  Testing  Machine  (Wisconsin) 

somewhat  careful  search  for  test  results  at  various  speeds  and  found 
considerable  evidence*  that  speeds  below  2000  revolutions  per  minute 
have  very  little  effect  on  the  result  of  repeated-stress  tests. 

In  another  type  of  repeated-stress  testing  machine  calibrated 
springs  are  used  to  resist  and  to  measure  the  bending  moment  or 
the  twisting  moment  applied  to  the  specimen.  Two  machines  of 
this  type  were  used  for  a  secondary  series  of  reversed-stress  tests. 
Fig.  7  is  from  a  photograph  of  the  Upton-Lewis  machine  used  for 
flexural  reversed-stress  tests.  Fig.  8  shows  the  scheme  of  the  machine 
diagrammatically.  In  this  machine  the  specimen  is  bent  back  and 
forth  in  one  plane.  The  amount  of  deflection  of  the  springs,  and 
hence  the  magnitude  of  the  bending  moment  applied  to  the  specimen, 
is  given  by  the  width  of  the  diagram  drawn  by  the  pencil  point.  The 
number  of  cycles  of  bending  stress  is  shown  by  the  counter.     Fig.  9 

*  Stanton  and  Pannell,  Inst.  Civ.  Engrs.    (British),   CLXXXVIII.   p.   814,    1911. 
Hopkinson,  B.     Proc.  Royal  Soc,  A  86,  January  31,  1912;    Sci.  Abs.,  1912,  No.  628. 
Roos,  J.  O.      Int.  Assn.  for  Test.  Materials,   1918,   Art.  V2B. 
Kommers,  J.  B.      Int.  Assn.  for  Test.  Materials,   1912,  Art.  V4B. 
Stanton  and  Bairstow,   Inst.  Civ.  Engrs.    (British),   CLXVI,  p.  78,   1905-6. 
Upton  and  Lewis,  American  Machinist,   October   17,    1912.   p.  633. 
Eden,  Rose,  and  Cunningham,  Inst.  Mech.  Engrs.    (British),   1911,  Part  3-4,  p.  839. 
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Fig.  8.     Diagram  of  Upton-Lewis  Reversed-Bending  Testing  Machine 
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Fig.  10.    Diagram  of  Olsen-Foster  Reversed-Torsion  Testing  Machine 
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Fig.  7.     Upton-Lewis  Reversed-Rending  Testing  Machine 


Fig.  9.     Olsen-Foster  Reversed-Torsion  Testing  Machine 
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is  from  a  photograph  of  the  reversed-torsion  machine,  the  Olsen- 
Foster,  while  Fig.  10  gives  a  diagram  of  the  same  machine.  The 
specimen  is  subjected  to  an  amount  of  twist  in  one  direction  from 
the  neutral  position,  and  then  to  the  same  amount  of  twist  in  the 
opposite  direction.  The  scheme  for  measuring  twisting  moment  and 
number  of  cycles  of  twisting  stress  is  similar  to  that  used  in  the 
Upton-Lewis  machine. 

These  spring  machines  are,  however,  very  much  more  expensive 
than  the  rotating-beam  machine,  and,  moreover,  the  error  inherent 
in  spring  calibration  and  the  stresses  caused  by  the  inertia  of  recipro- 
cating parts  introduce  some  uncertainty  as  to  the  magnitude  of  some 
of  the  stresses.  A  further  objection  to  these  machines  is  that  they 
cannot  be  run  satisfactorily  at  speeds  as  high  as  1500  revolutions  per 
minute. 

All  the  fatigue  machines  were  provided  with  automatic  devices 
which  stopped  the  machines  when  the  specimen  failed.  These  devices 
made  continuous  operation  of  the  machines  possible. 

Repeated-stress  testing  machines,  which  depend  upon  the  inertia 
of  reciprocating  or  rotating  parts  for  producing  stress,  have  some- 
times been  used.  Such  machines  are  markedly  affected  by  varia- 
tions in  the  speed,  since  the  inertia  effect  is  proportional  to  the  square 
of  the  speed.  In  tests  which  last  for  days  at  a  time  the  power  circuit 
ordinarily  available  cannot  be  relied  upon  to  give  constant  speed  at 
the  motors,  unless  there  is  a  very  elaborate  and  expensive  installation 
of  speed-regulating  devices.  This  consideration  caused  the  rejection 
of  the  inertia  type  of  repeated-stress  testing  machine  for  this  in- 
vestigation. 

Testing  machines  employing  alternating  current  magnets  to  pro- 
duce repeated  stress  were  considered.  These  machines  would  be  very 
much  more  expensive  than  the  rotating-beam  type  of  machine,  and, 
moreover,  slight  variations  in  the  frequency  of  the  alternating  cur- 
rent (such  variations  as  would  inevitably  occur  in  the  current  sup- 
plied to  the  laboratory)  might  produce  quite  serious  variations  in 
the  force  set  up  by  the  magnets. 

There  would  seem  to  be  some  advantage  in  using  machines  which 
produce  repetitions  of  direct  tension  or  compression  in  a  specimen. 
The  only  available  machines  producing  such  stress  were  of  the  alter- 
nating current  magnet  type  or  of  the  inertia  type,  and  were  so  ex- 
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pensive  that  the  funds  of  the  investigation  would  not  have  permitted 
purchasing  a  sufficient  number  of  machines. 

To  sum  up,  the  rotating-beam  maehine  was  chosen  for  the  basic 
series  of  tests  primarily  because  it  seemed  to  be  a  machine  in  which, 
within  the  yield  point,  definite  stresses  could  be  set  up  with  a  high 
degree  of  precision,  hecause  it  seemed  least  affected  by  slight  varia- 
tions of  frequency  in  the  electric  circuits  supplying  power,  and  be- 
cause it  was  the  least  expensive  machine  to  construct. 

As  noted  above,  a  careful  study  of  the  records  of  other  tests 
seems  to  indicate  that  speed  of  testing  has  little  effect  on  the  results 
up  to  a  speed  of  about  2000  revolutions  per  minute.  The  speed 
chosen  for  the  Farmer  machine  was  well  within  this  limit,  namely, 
1500  revolutions  per  minute.  With  the  Upton-Lewis  machine  a  speed 
of  300  revolutions  per  minute  was  used;  with  the  Olsen-Foster  ma- 
chine, a  speed  of  350  revolutions  per  minute  was  used,  except  for 
the  0.93  carbon  steel,  troostitic,  the  0.49  carbon  steel,  sorbitic,  and 
the  chrome-nickel  steel,  treatment  A,  for  which  a  speed  of  260  revo- 
lutions per  minute  was  used ;  with  the  Wisconsin  machine  a  speed 
of  1200  revolutions  per  minute  was  used. 

For  the  static  compression  tests  and  tension  tests  a  100  000-pound 
Riehle  machine  and  a  10  000-pound  Olsen  machine  were  used.  For 
the  static  torsion  tests  a  Riehle  10  000-inch-pouhd  machine  of  the 
pendulum  type  was  used.  In  the  last-named  machine  the  twisting 
moment  exerted  on  the  specimen  is  read  from  a  micrometer  dial  gage 
which  indicates  a  motion  of  0.001  inch,  and  which  is  actuated  by 
the  movement  of  the  pendulum  from  its  neutral  position. 

Fig.  11  is  from  a  photograph  of  the  Charpy  impact  machine 
which  was  used  to  make  the  impact-bending  and  impact-tension  tests. 
In  the  single-blow  impact  testing  machine,  of  which  the  Charpy 
machine  is  one  type,  a  heavy  pendulum  is  raised  to  a  given  angle 
from  its  normal  position  and  then  is  allowed  to  fall  against  a  speci- 
men. Rupturing  the  specimen  (a  short  beam  with  a  notch  in  it  for 
the  impact-flexure  test),  the  pendulum  passes  the  neutral  position 
and  rises  to  an  angle  indicated  by  a  "maximum"  finger.  The  dif- 
ference between  angle  of  fall  and  angle  of  rise  is  a  measure  of  the 
energy   absorbed   in   rupturing   the  specimen.*     A   centering   device 

*  Dix,   E.  H.,   Jr.      Proc.  Am.   Soc.  for  Test.  Materials,  Vol.  XIX,   Part  II,  p.   720,    1919. 
This  is  a  detailed  discussion  of  the  single-blow  impact  testing  machine. 


J  3. 


Fig.  11.     Charpy  Single-Blow  Impact  Testing  Machine 
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was  used  for  placing  the  impact-bending  specimen  in  the  machine, 

so  that  the  pendulum  would  strike  opposite  the  center  of  the  notch. 

Fig.  12  shows  the  apparatus  which  was  designed  for  use  with 

the    Charpy    machine   in   making    the    impact-tension    test.*     As    is 
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12.     Tension  Test  Attachment  for  Charpy  Impact 
Testing  Machine 


*  When  making  impact-tension  tests  there  is  one  serious  objection  to  the  Charpy  im- 
pact machine  in  its  present  form.  The  hammer  strikes  the  anvil  when  the  pendulum 
reaches  its  neutral  position.  The  center  of  gravity  would  at  that  instant  be  moving  in  the 
horizontal  direction.  However,  it  will  be  seen  that  the  point  where  the  specimen  is  attached 
to  the  pendulum  is  still  moving  with  a  component  in  the  downward  direction.  When  a 
specimen  is  quite  ductile  so  that  its  percentage  of  elongation  is.  say,  30  per  cent,  this  allows 
the  specimen  to  be  bent  downward  while  it  is  being  stretched  out.  The  result  is  that  a 
certain  amount  of  energy  is  absorbed  by  the  specimen  in  this  bending  action,  and  this 
energy  is  credited  to  the  steel  as  energy  of  rupture.  With  specimens  that  break  without 
much  elongation  there  is  no   appreciable  error  of  this   kind. 

This  error  of  the  machine  might  be  corrected  in  two  ways.  One  would  be  to  shorten 
the  anvils  or  design  the  hammer  in  such  a  way  that  when  the  hammer  strikes  the  anvil  the 
specimen  will  be  moving  in  a  horizontal  direction.  This  method  would  reduce  the  maximum 
capacity  of  the  machine.  A  second  method  would  be  to  design  the  anvil  and  hammer  so 
that  the  striking  surfaces  would  be  at  right  angles  to  the  direction  in  which  the  specimen 
is  moving  at  the  instant  of  striking. 
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shown  in  the  sketch,  the  specimen  is  provided  with  spherical  seats 
at  the  shoulders  so  that  there  may  be  slight  adjustment  of  the  speci- 
men when  the  hammer  strikes  the  anvil. 

Fig.  13  is  from  a  photograph  of  the  double-blow  machine  used 
in  making  tests  under  repeated  impact.  Fig.  14  shows  a  diagram 
of  the  same  machine.  Two  similar  hammers  actuated  by  cams 
strike  the  specimen  alternately  on  opposite  sides.  The  specimen 
shown  in  Fig.  14  is  a  grooved  cantilever  beam  held  in  a  vise,  and 
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Fig.  14.     Diagram  of  Repeated-Impact  Testing  Machine 


is  made  from  the  ends  of  the  broken  Farmer  rotating-beam,  speci- 
mens. The  energy  of  each  blow  delivered  is  1/3  foot-pound,  the 
velocity  of  the  hammer  as  it  strikes  the  specimen  is  3.25  feet  per 
second,  and  the  machine  delivers  65  double  blows  per  minute.  The 
number  of  blows  withstood  before  failure  is  taken  as  the  measure 
of  the  ability  of  the  material  to  withstand  this  test.  When  a  speci- 
men breaks,  the  switch  controlling  the  motor  is  automatically  opened 
and  the  machine  stopped. 
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Fig.  13.     Repeated-Impact  Testing  Machine 


Fig.  15.     Apparatus  for  Magnetic  Tests 
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Fig.  15  shows  a  photograph  of  the  magnetic  testing  machine 
which  was  used  in  making  the  test  for  homogeneity.  This  machine 
was  constructed  at  the  University  of  Illinois.  It  follows  closely  de- 
signs suggested  by  Dr.  C.  W.  Burrows  of  New  York,  and  by  R.  L. 
Sanford  of  the  United  States  Bureau  of  Standards.  The  steel  core 
at  A  was  wound  with  wire  which  carried  a  current  of  7.5  amperes. 
The  magnetic  circuit  was  completed  through  the  specimen,  B,  and 
the  uprights,  C.  At  I)  is  a  screw  threading  through  the  small  car- 
riage at  E.  When  the  pulley,  F,  at  the  end  of  the  screw  is  driven 
from  the  motor,  M,  the  carriage,  E,  is  moved  over  the  specimen  at 
a  uniform  speed.  The  carriage  surrounds  the  specimen  and  upon 
the  carriage  are  two  coils,  differentially  wound,  in  which  a  small 
electromotive  force  is  induced  when  the  carriage  moves  through  the 
magnetic  lines  of  force.  From  the  two  coils  terminals  extend  to  a 
string  galvanometer,  G.  If  the  specimen,  B,  is  homogeneous  in 
structure  and  free  from  both  irregularities  of  form  and  internal 
stresses  the  electromotive  force  in  one  coil  neutralizes  that  in  the 
other  and  there  is  no  deflection  of  the  galvanometer.  If  there  is  a 
non-homogeneous  section  of  the  specimen,  then,  as  each  coil  in  turn 
passes  over  that  section,  the  balance  of  the  coils  is  disturbed  and 
deflection  of  the  galvanometer  results.*  Experiments  showed  that 
this  device  was  particularly  sensitive  in  pointing  out  places  in  the 
specimen  which  had  been  overstressed.  The  machine  was  used,  there- 
fore, to  determine  that  the  specimens  to  be  tested  were  homogeneous. 
Readings  were  taken  of  the  maximum  variation  of  the  galvanometer 
while  the  coils  were  moved  across  the  middle  four  inches  of  the 
specimen.  The  uniformity  of  the  readings  was  taken  as  a  criterion 
of  the  uniformity  of  the  various  specimens. 

Fig.  16  shows  the  detrusion  indicator  used  in  the  torsion  tests 
for  determining  the  amount  of  twist  in  the  specimen  over  a  gage 
length  of  2  inches.  The  arm  is  10  inches  long  from  the  axis  of  the 
specimen  to  the  point  of  contact  of  the  Ames  dial. 

Hardness  tests  were  made  using  both  the  Brinell  machine  and 
the  scleroscope.  The  Brinell  machine  used  was  made  by  the  Aktie- 
bolaget  Alpha  of  Stockholm,  Sweden.     The  standard  load  used  was 


*For  a  more  complete  discussion  of  this  type  of  apparatus  see  Scientific  Papers  of  the 
U.  S.  Bureau  of  Standards,  No.  343,  and  the  1917  Proc.  of  the  Am.  Soc.  for  Test.  Materials 
Part  II,  p.  87. 
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3000  kilograms  (except  for  the  0.02  carbon  steel,  which  was  so  soft 
that  a  load  of  500  kilograms  was  used),  and  the  standard  diameter 
of  ball  was  10  millimeters.  The  machine  indicates  the  standard  load 
by  "floating"  a  piston  which  works  in  its  cylinder  without  packing, 
and  which  is  loaded  with  standard   weights.     The  diameter  of  the 


Fig.  16.     Detrtjsion  Indicator  for  Torsion  Tests 


ball  used  was  measured  by  means  of  a  micrometer,  and  found  to  vary 
less  than  0.0025  millimeter  from  the  standard  diameter.  The  sclero- 
scope  used  was  a  standard  instrument  manufactured  by  the  Shore 
Instrument  and  Manufacturing  Company  of  New  York.  The  height 
of  rebound  of  the  hammer  is  read  directly  from  a  scale. 

Fig.  17  is  from  a  photograph  of  the  heat-treating  equipment 
used  for  heat  treating  most  of  the  specimens.  At  A  is  shown  a 
Hoskins  electric  furnace  with  inside  dimensions  8  by  12  by  26 
inches.  This  furnace  was  calibrated  for  uniformity  of  distribution 
of  heat  both  empty  and  full,  and  it  was  found  that,  if  specimens 
were  kept  in  the  rear  half  of  the  furnace,  there  was  not  more  than 
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Fig.  17.     Heat  Tkeating  Equipment 
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10  degrees  centigrade  variation  of  temperature  for  specimens  in 
various  locations  in  the  furnace. 

In  measuring  temperatures,  two  pyrometers  were  used,  one  of 
which  had  a  platinum-rhodium  thermocouple  in  the  center  of  a 
dummy  specimen,  which  was  placed  near  the  center  of  the  pile  of 
specimens  in  the  furnace.  This  platinum-rhodium  couple  was  con- 
nected to  an  Engelhard  millivoltmeter.  A  constant-temperature 
cold  junction  was  used  with  this  pyrometer,  and  the  cold  junction 
was  placed  in  a  thermos  bottle.  The  second  pyrometer  used  a  chromel- 
alumel  couple  connected  to  a  Hoskins  millivoltmeter.  For  this  couple 
a  correction  was  made  for  the  variation  of  the  cold-junction  tem- 
perature, the  cold  junction  being  in  the  millivoltmeter  case.  Both 
pyrometers  were  calibrated  at  intervals  by  means  of  the  freezing 
points  of  standard  metals.  In  general,  the  chromel-alumel  pyrometer 
was  used  merely  as  a  check  on  the  platinum-rhodium  pyrometer. 

At  B  is  shown  the  water-quenching  tank,  which  during  the  opera- 
tion of  quenching  was  supplied  with  running  water.  At  C  is  shown 
the  oil-quenching  tank.  Houghton's  soluble  quenching  oil  was  used, 
and  during  the  operation  of  oil-quenching  the  oil  was  circulated 
through  pipes  which  were  surrounded  by  running  cold  water.  At 
D  is  shown  the  circulating  pump.  By  this  circulation  the  maximum 
variation  in  the  temperature  of  the  quenching  oil  was  kept  within 
17  degrees  centigrade. 

9.  Test  Specimens.- — Figs.  18  and  19  show  the  various  forms 
of  specimens  which  were  used  for  determining  the  static  and  endur- 
ance properties  of  the  steels. 

The  shape  of  the  specimen  used  for  the  rotating-beam  reversed- 
stress  machine,  shown  in  Fig.  18(a),  was  the  result  of  considerable 
study.  It  was  found  in  the  first  place  that,  if  the  specimen  was 
not  reduced  in  cross-section  at  the  middle  of  its  length,  the  localized 
stresses  at  the  collets  where  the  load  was  hung  would  usually  cause 
the  specimen  to  fail  at  the  collets  (F  in  Fig.  4).  Various  shapes 
were  tried  for  the  reduced  part  of  the  specimen.  For  one  design 
a  part  of  the  specimen  was  reduced  in  diameter,  and  the  change 
of  section  from  the  smaller  to  the  larger  was  attempted  with  a  taper. 
For  another  design  a  straight  reduced  section  with  fillets  at  the 
ends  was  used.     It  was  found  that  specimens  broke  at  the  root  of 
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the  taper,  or  at  the  root  of  the  fillet,  as  the  case  might  be.  It  seemed 
necessary,  therefore,  to  have  a  specimen  which  changed  gradually 
from  one  diameter  to  the  other.  In  the  final  design  the  specimen  was 
formed  by  a  cutting  tool  swung  on  a  radius  of  9.85  inches.  For  the 
specimen  shown  in  Fig.  18(a)  the  unit  stress  calculated  by  the  usual 
beam  formula  gives  very  closely  the  actual  stress  existing  at  the  mini- 
mum section,  as  was  proved  by  some  tests  on  celluloid  models  made  at 
the  laboratories  of  the  General  Electric  Company  at  Schenectady, 
New  York,  for  this  investigation.  Professor  Coker's  polarized  light 
apparatus  for  determining  stress  was  used.  These  tests  showed  that 
even  when  the  radius  was  only  5  instead  of  9.85  inches  there  was  no 
measurable  increase  of  stress  on  the  outside  fibers  due  to  curvature  of 
section.  On  the  other  hand,  when  this  radius  was  only  0.5  inch,  it 
was  found  that  the  increase  of  stress  on  the  outside  fiber  was  consider- 
able. With  a  radius  of  9.85  inches  there  is  practically  uniform  stress 
over  about  0.20  inch  near  the  middle  of  the  span  (Fig.  20),  the  varia- 
tion in  computed  stress,  due  to  change  of  diameter,  in  this  range  of 
length  being  only  1  per  cent. 
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Usually  the  diameter  at  the  reduced  section  was  made  0.30  inch, 
but  in  the  case  of  the  stronger  steels  it  was  found  that  with  this 
diameter  they  would  still  break  at  the  collets.  It  was  necessary  in 
some  cases,  therefore,  to  reduce  the  diameter  to  0.27  inch. 

In  the  case  of  the  reversed-torsion  specimen,  shown  in  Fig.  18(e), 
exactly  the  same  phenomena  were  exhibited  as  described  for  the  rotat- 
ing-beam  specimen.  When  the  ends  of  the  specimens  were  joined 
by  a  fillet  to  the  smaller  diameter  at  the  middle,  the  specimens  al- 
ways failed  at  the  root  of  the  fillet.  The  specimens  were  therefore 
cut  down  at  the  middle  with  the  same  radius  as  was  used  in  the  case 
of  the  rotating-beam  specimen. 

A  similar  problem  was  encountered  with  the  reversed-bending 
specimens  used  in  the  Upton-Lewis  machine.  In  this  machine  the 
distance  between  the  jaws  holding  the  specimen  is  0.50  inch.  The 
specimen  was  first  cut  down  with  a  radius  of  0.75  inch,  but  it  con- 
tinued to  break  at  the  edges  of  the  jaws  because  of  the  local  stresses 
existing  there.  It  was,  therefore,  necessary  to  weaken  the  specimen 
further  and  a  radius  of  0.5  inch  was  finally  adopted.  With  this 
radius  the  specimens  break  at  the  minimum  width  instead  of  at  the 
jaw  edges.  Fig.  19(a)  shows  the  specimen  used  for  the  Upton- 
Lewis  machine.  Of  course  with  this  radius  the  change  of  section  is 
rapid  enough  to  produce  some  localized  stress,  and  this  is  shown  by 
the  fact  that  the  endurance  limits  (unit  stress  which  the  steel  will 
withstand  indefinitely)  determined  by  the  Upton-Lewis  machine  are 
uniformly  lower  than  those  obtained  from  the  rotating-beam  machine. 

Fig.  18  shows  the  specimens  used  for  the  static  tests.  Fig. 
18(b)  shows  the  tension  specimen,  Fig.  18(c)  the  torsion  specimen, 
and  Fig.  18(d)  the  compression  specimen.  In  the  compression  tests 
a  spherical-seated  bearing  block  was  used,  and  the  specimen  was 
centered  in  the  machine  by  means  of  a  template.  In  the  tension  tests 
spherical  bearings  were  also  used,  and  the  shoulders  of  the  specimen 
rested  in  split  sockets. 

In  some  cases  tension  specimens  were  made  from  the  ends  of 
rotating-beam  specimens.  The  shape  was  similar  to  that  of  Fig. 
18(b)  except  that  the  diameter  of  the  reduced  part  of  the  specimeD 
was  only  0.25  inch.  This  form  of  specimen  was  used  for  check  tests 
and  for  material  supplied  in  the  form  of  rods  less  than  0.75  inch  in 
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diameter.  In  all  tension  tost*  the  elongation  was  measured  on  a 
o-age  length  which  was  four  limes  the  diameter  of  the  specimen. 

Pig.  10(b)  shows  the  specimen  used  for  the  Charpy  impact- 
bending  test,  while  Pig.  19(c)  shows  the  one  used  for  the  Charpy 
impact-tension  lest.  Pig.  19(e)  shows  the  specimen  used  for  the 
repeated-impact  tests.  This  specimen  was  made  from  the  uninjured 
ends  of  Farmer  rotating-beam  specimens.  The  repeated-impact  speci- 
men is  a  grooved  cantilever  beam. 

Brincll  tests  and  scleroscope  tests  for  hardness  were  made  on 
the  ends  of  the  torsion  specimens  shown  in  Fig.  18(c). 

The  magnetic  tests  were  made  on  the  rotating-beam  specimens 
before  they  were  reduced  at  the  center. 

10.  Finish  of  Specimens. — From  previous  investigations  it  was 
known  that  surface  finish  exerted  a  marked  effect  on  the  endurance 
of  a  specimen  under  repeated  stress.  It  was  planned,  therefore,  to 
use  a  standard  finish  which  could  be  duplicated  on  successive  speci- 
mens and  which  would  at  the  same  time  be  of  sufficient  fineness  so 
that  the  endurance  of  the  specimen  would  practically  not  be  reduced 
because  of  the  finish.  The  procedure  on  the  rotating-beam  specimen 
for  the  Farmer  machine  was  as  follows:  first,  to  turn  the  reduced 
portion  at  the  center  with  an  ordinary  lathe  tool;  next,  to  file  the 
specimen  to  remove  the  deepest  tool  marks;  and  finally  to  polish 
first  with  No.  0  and  then  No.  00  emery  cloth. 

That  this  finish  was  satisfactory  is  indicated  by  the  uniformity 
of  results,  and  it  is  shown  in  the  section  on  "Effect  of  Surface  Fin- 
ish" that  the  polish  was  sufficiently  good  to  attain  uniform  and 
satisfactory  results. 

The  fatigue  specimens  for  the  machines  other  than  the  Farmer 
type  were  finished  in  a  similar  manner. 

11.  Numbering  of  Specimens. — The  system  adopted  for  num- 
bering the  specimens  was  designed  to  make  it  possible  to  identify 
each  specimen  tested.  The  original  billets  or  bars,  as  the  case  might 
be,  were  nearly  all  cut  into  13-inch  lengths,  because  the  longest  speci- 
men, the  rotating-beam  fatigue  specimen,  was  13  inches  long.  The 
marking  system  used  may  be  illustrated  by  an  example.  In  the 
mark  5A39C,  the  numeral  5  showed   that  this  specimen  was  made 
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of  steel  number  5  or  chrome-nickel  steel;  the  letter  A,  that  the  speci- 
men was  from  bar  or  billet  A)  the  numeral  39,  that  it  was  located  39 
inches  from  the  end  of  the  bar;  and  the  letter  C,  that  the  specimen 
occupied  the  position  C  in  the  cross-section  of  bar  A,  according  to 
the  diagram  for  cutting  up  the  bars  which  had  been  adopted  for 
steel  number  5. 

Fig.  2  shows  the  plan  which  was  used  in  cutting  up  the  various 
steels.  Taking  Steel  No.  4,  0.37  carbon  sorbitic,  as  an  illustration, 
the  numbers  directly  above  the  diagram  show  that  one  set  of  speci- 
mens was  cut  up  from  0  to  13,  or  13  inches  long;  that  another  set 
was  cut  up  from  13  to  16,  or  3  inches  long ;  another  from  16  to  21, 
or  5  inches  long,  etc.  This  was  the  first  steel  cut  up ;  all  succeeding 
steels  were  cut  up  into  13-inch  lengths. 

12.  Procedure  in  Tests — Accuracy  and  Sensitiveness. — The 
regular  static  tension  and  compression  tests  were  carried  out  on  a 
100  000-pound  Riehle  machine.  This  machine  was  calibrated  by 
means  of  calibrating  levers  and  dead  loads  before  it  was  used  for 
testing  purposes.  It  was  found  that  the  machine  was  sensitive  to 
10  pounds  up  to  23  000,  beyond  which  it  was  not  tested.  The  ma- 
chine was  accurate  to  about  0.6  per  cent  at  5000  pounds  and  to  0.4 
per  cent  at  20  000  pounds. 

For  the  static  tension  and  compression  tests  a  Ewing  exten- 
someter  was  used  to  measure  deformation  over  a  gage  length  of  1.25 
inches.  This  extensometer  was  calibrated  with  a  Brown  and  Sharpe 
micrometer  screw,  and  it  was  found  that  one  division  on  the  exten- 
someter scale  represented  a  unit  deformation  of  0.00006925  inch  per 
inch  of  gage  length,  or  the  sensitiveness  was  0.000006925  inch  per 
inch  by  estimation. 

The  aim  in  the  static  tests  being  to  get  at  least  ten  increments 
of  strain  (as  shown  by  extensometer  readings)  up  to  the  yield  point 
of  the  material,  the  following  procedure  was  adopted.  An  initial 
load,  which  in  the  tension  test  was  400  pounds,  was  put  on  the  speci- 
men and  a  reading  taken  on  the  extensometer.  Load  was  then  ap- 
plied until  the  extensometer  showed  the  desired  increment  of  de- 
formation, and  load  and  extensometer  readings  were  recorded.  The 
load  was  then  reduced  to  the  initial  reading  of  400  pounds  and  the 
extensometer   reading   was   again   recorded.     The  load  was  then   in- 
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creased  until  the  extensometer  showed  the  standard  increment  above 
the  previous  reading,  and,  after  reading  load  and  extensometer,  the 
load  was  again  reduced  to  400  pounds.  This  procedure  was  con- 
tinued up  to  the  vicinity  of  the  elastic  limit,  when  smaller  incre- 
ments of  extension  were  used — usually  about  half  the  initial  values — 
in  order  to  determine  the  form  of  the  curve  more  exactly. 

The  purpose  of  this  procedure  was  to  make  a  determination  of 
the  elastic  limit  as  based  on  permanent  set,  as  well  as  the  more  com- 
monly used  limit  based  upon  proportionality  of  unit  stress  and  unit 
deformation. 

Fig.  21(a)  is  a  sample  tension  stress-deformation  curve  which 
will  make  clear  the  manner  in  which  the  two  elastic  limits  were  de- 
termined. Curve  A  is  the  usual  curve  showing  unit  stress  as  ordinate 
and  unit  deformation  as  abscissa.  In  determining  the  proportional 
elastic  limit,  an  inclined  line,  OB,  was  drawn  corresponding  to  a 
rate  of  deformation  25  per  cent  greater  than  that  represented  by  the 
original  curve.  This  is  done  by  taking  any  point  below  the  elastic 
limit  and  making  the  offset,  BE,  25  per  cent  of  the  distance  CB. 
The  inclined  line  OB  is  then  drawn  through  the  point  E.  Next  a 
line  parallel  to  OB  is  drawn  tangent  to  the  curve.  The  unit  stress 
at  the  point  of  tangency  is  taken  as  the  porportional  elastic  limit. 

The  attempt  is  often  made  to  determine  the  proportional  elastic 
limit  by  determining  the  unit  stress  at  which  the  stress-deformation 
curve  first  deviates  from  a  straight  line.  It  is  difficult  to  determine 
this  point  accurately,  and  it  seemed  desirable  to  use  some  such  method 
as  was  adopted  in  order  to  have  a  tangent  line  whose  deviation  from 
the  curve  could  be  detected  at  two  different  points.  It  is  then  quite 
easy  to  determine  the  unit  stress  half  way  between  these  two  devia- 
tion points.  The  rate  of  deformation  25  per  cent  greater  than  the 
original  curve  was  chosen  because  it  gave  a  line  only  slightly  less 
steep  than  the  original  curve.  It  is  believed  that  this  method  of 
determining  the  proportional  elastic  limit  is  satisfactory,  consider- 
ing the  use  which  is  to  be  made  of  this  property  of  the  material. 
This  is  a  slight  modification  of  the  method  proposed  by  J.  B. 
Johnson.* 

Another  consideration  in  favor  of  the  method  is  the  fact  that  it 
is  independent  of  the  scale  to  which  a  stress-deformation  curve  is 


*  Withey  and  Aston,   "Johnson's  Materials  of  Construction,"  Fifth  Edition,  p.   10. 
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drawn.  The  method  will  determine  in  all  cases  points  where  the 
proportional  increase  in  rate  of  deformation  is  the  same.  This  is 
not  true  for  the  method  which  makes  use  of  the  first  deviation  from 
a  straight  line;  nor  is  it  true  of  the  method  which  employs  a  secant 
drawn  parallel  to  the  original  curve,  and  which  uses  the  unit  stress 
at  the  intersection  of  the  secant  line  and  the  curve  as  the  elastic 
limit. 

The  elastic  limit  as  based  upon  set  may  be  called  a  set  elastic 
limit.  The  set  curve  was  plotted  as  shown  at  F  in  Fig.  21(a),  the 
scale  for  set  being  usually  about  five  or  ten  times  that  used  for  the 
curve  A.  The  set  elastic  limit  was  taken  as  that  unit  stress  at  which 
the  rate  of  permanent  set  increased  appreciably.  This  method  was 
chosen  because  it  was  assumed  that  too  much  reliance  should  not 
be  placed  on  the  set  as  determined  at  low  stresses,  but  that  a  point 
in  the  curve  should  be  chosen  where  there  was  no  doubt  that  perma- 
nent set  had  commenced  and  was  increasing. 

The  technique  used  in  arriving  at  this  value  was  based  upon  the 
idea  of  getting  an  offset  for  drawing  a  tangent  line  which  would  be 
about  the  same  as  the  offset  used  in  getting  the  inclined  line  OB, 
Fig.  21(a).  Since  the  modulus  of  elasticity  for  steels  is  practically 
constant  at  30  000  000  pounds  per  square  inch,  the  inclined  line  OB 
used  with  curve  A  has  at  a  unit  stress  of  30  000  pounds  per  square 
inch  a  horizontal  offset  from  the  original  curve  of  0.00025  inch  per 
inch,  MN  in  Fig.  21a,  and  at  60  000  pounds  per  square  inch  the  off- 
set would  of  course  be  0.0005  inch  per  inch.  The  line  for  zero  set 
would  be  a  vertical  line  from  0'.  At  a  unit  stress  of  60  000  on  the 
set  curve,  therefore,  a  point,  G,  was  determined  which  had  an  off- 
set, KG,  from  the  line  of  zero  set  of  0.0005  inch  per  inch.  A  line 
through  0'  and  G  determined  the  inclined  line,  and  one  parallel  to 
this  and  tangent  to  the  curve  determined  the  elastic  limit  as  based 
upon  set. 

Tables  3  and  4  show  that  the  proportional  elastic  limit  and  the 
set  elastic  limit  as  determined  by  the  above  methods  are  very  nearly 
the  same  in  magnitude  in  tension,  compression,  and  torsion.  In  some 
cases  the  proportional  limit  is  slightly  the  higher,  and  in  other  cases 
the  set  limit  is  the  higher.  Since  there  is  so  little  difference  in  these 
two  limits  it  seems  obvious  that  the  tedious  method  necessary  to 
determine  the  set  limit  may  be  dispensed  with  in  future  tests  of  steels. 
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Iii  the  torsion  tests  readings  of  twisting  moment  and  twist  were 
taken  in  a  manner  similar  to  that  already  described  for  the  tension 
and  compression  tests.  The  proportional  elastic  limits  and  the  set 
elastic  limits  were  also  determined  in  a  manner  similar  to  that  previ- 
ously described.  The  micrometer  dial  of  the  detrusion  indicator 
shown  in  Fig.  16  reads  directly  to  0.001  inch,  and  the  reading  can  be 
estimated  to  0.0001  inch.  With  this  indicator,  therefore,  the  twist 
of  the  specimen  over  two  inches  gage  length  can  be  read  to  0.0001 
radian  directly,  and  to  0.00001  radian  by  estimation. 

From  the  fatigue  tests  the  fundamental  information  desired  was 
the  relation  between  the  unit  stress  applied  to  the  specimen  and  the 
number  of  cycles  of  stress  necessary  to  cause  rupture.  The  general 
practice  with  the  Farmer  machines  was  to  stress  the  first  specimen 
high  enough  so  that  it  would  break  in  a  comparatively  short  time ; 
then  reduce  the  stress  in  the  succeeding  specimens,  until  finally  a 
unit  stress  was  arrived  at  which  the  steel  could  withstand  for 
300  000  000  cycles  without  failure.  Wherever  possible  these  long- 
time tests  without  failure  were  run  on  from  three  to  five  specimens 
for  each  of  the  steels  investigated. 

All  values  of  stress  calculated  for  the  Farmer  specimens  are 
based  upon  the  external  load  applied  to  the  specimen,  the  weight  of 
the  specimen  itself  being  neglected. 

Only  one  Upton-Lewis  and  one  Olsen-Foster  machine  were  avail- 
able. Consequently  it  was  not  practicable  to  make  runs  up  to 
100  000  000  cycles.  In  these  machines,  therefore,  the  stress  was  de- 
termined at  which  the  specimen  could  withstand  2  000  000  cycles 
without  failure.  It  will  be  found  by  consulting  the  curves  which 
will  be  shown  later  that  this  determines  the  endurance  limit  fairly 
closely. 

The  Brinell  and  the  scleroscope  hardness  tests  were  made  on  the 
rectangular  surfaces  of  the  uninjured  ends  of  the  static  torsion 
specimens,  the  impressions  being  at  right  angles  to  the  axis  of  the 
specimen.  In  each  case  impressions  were  taken  on  two  adjacent 
sides,  and  in  getting  the  diameter  of  the  Brinell  impression  a  micro- 
scope  was  used  with  a  micrometer  eyepiece  which  read  to  0.1  milli- 
meter directly,  and  to  0.01  millimeter  by  estimation. 

It  is  not  thought  necessary  to  describe  in  detail  the  technique 
of  impact  tests  or  of  magnetic  tests. 
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III.     Test  Data  and  Results 

13.  Summary  of  Test  Data  and  Results. — Tables  3,  4,  and  5 
give  summaries  of  test  results.  Table  3  gives  the  results  of  the 
tension  tests,  and  also  the  endurance  limits  as  determined  from  the 
rotating-beam  tests,  so  that  comparisons  may  be  conveniently  made. 
Table  4  gives  the  results  of  the  compression  and  the  torsion  tests. 
Table  5  gives  the  results  of  the  hardness  and  the  impact  tests  and 
also  the  endurance  limits  as  determined  by  the  rotating-beam,  by  the 
Upton-Lewis  reversed-bending,  and  by  the  Olsen-Foster  reversed- 
torsion  machines.  The  last  column  in  the  table  gives  the  "FR"  point 
as  determined  by  the  Francke*  test. 

Table  6  shows  a  sample  summary  sheet,  in  this  case  for  treat- 
ment A  of  the  chrome-nickel  steel.  This  table  shows  the  number 
of  results  which  were  averaged  in  obtaining  the  results  given  in 
Tables  3,  4,  and  5.  Each  Brinell  and  scleroscope  result  given  in 
Table  6  is  the  average  of  several  readings.  Figs.  21-23  inclusive 
show  representative  stress-strain  diagrams  for  tension,  compression, 
and  torsion  tests. 

Figs.  24-31  inclusive  show  the  test  results  obtained  on  the  Farmer 
machines  for  reversed-stress  tests  of  the  various  steels.  The  method 
used  in  plotting  these  diagrams  is  discussed  on  page  90.  Figs.  32 
and  33  show  similar  diagrams  obtained  from  the  tests  on  the  Upton- 
Lewis  reversed-bending  machine;  while  Figs.  34  and  35  show  the 
diagrams  for  the  Olsen-Foster  reversed-torsion  machine. 

Fig.  28  shows  S-N  curves  obtained  in  making  a  study  of  the 
effect  of  changes  of  shape  on  the  endurance  strength  of  steel.  Fig. 
29  shows  similar  curves  obtained  in  making  a  study  of  the  effect 
of  surface  finish  on  the  endurance  strength;  while  Figs.  30  and  31 
show  the  S-N  curves  obtained  in  making  a  study  of  the  effect  of 
previous  over-stressing  on  endurance  strength. 

Table  7  gives  the  results  for  all  fatigue  tests  so  far  made  in  the 
course  of  the  investigation. 

The  "rise  of  temperature"  tests  for  endurance  limit  under  re- 
versed stress  are  treated  in  a  special  chapter,  and  the  data  for  those 
tests  are  given  in  that  chapter. 

*Proc.  Am.  Soc.  for  Test.  Materials,  Vol.  XX,  Part  II,  p.  372,   1920. 
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TABLE  6   {Continued) 

Representative  Summary  Sheet 

Tests  of  Chrome-Nickel  Steel,  Treatment  A 


Torsion  Tests 

Hardness 

Specimen 
Number 

Set_ 

Elastic 

Limit 

lb.  per  sq.  in. 

Propor- 
tional 
Elastic 
Limit 
lb.  per  sq.  in. 

Yield 

Point 

lb.  per  sq.  in. 

Modulus  of 
Elasticity 
lb.  per  sq.  in. 

Brinell 

Scleroscope 

5C26C 

72  500 

72  000 

93  750 

1 1  500  000 

302 

36 

5D13D 

77  500 

78  000 

86  100 

11  380  000 

302 

36 

5A91B 

74  500 

72  500 

84  800 

11  640  000 

293 

36 

5B65A 

72  500 

70  500 

83  200 

11  630  000 

289 

36 

5A39A 

70  000 

72  000 

80  750 

11  470  000 

273 

37 

5C78A 

69  500 

69  500 

80  500 

11  420  000 

286 

35 

Average 

72  800 

72  400 

84  900 

11  510  000 

291 

36 

Charpy  Impact  Bending 

Charpy  Impact  Tension 

Repeated  Imivu  t 

Sepci- 

men 

Number 

Energy 
of 
Rup- 
ture 
ft.  lb. 

Speci- 
men 
Number 

Energy 
of 
Rup- 
ture 
ft.  lb. 

Speci- 
men 
Number 

Energy 
of 
Rup- 
ture 
ft.  lb. 

Elonga- 
tion 

per  oenl 

Reduc- 
tion of 
Area 

per  cent 

Speci- 
men 

Number 

Number 

of 
Double 
Blows 

5B78B 

46.1 

5B78B 

47.8 

5B78B 

186.8 

7.0 

63.7 

5D13A 

13.VJ 

-5A104B 

47.1 

5A104B 

45.4 

5A104B 

181.2 

24.0 

63.4 

5A26A 

1214 

-5A26B 

45.2 

5A26B 

46.9 

5A26B 

150.4 

17.0 

62.3 

5B0B 

1099 

5C39C 

44.9 

5C39C 

45.4 

5C39C 

180.4 

22.0 

61.7 

5A117A 

SS6 

5C91C 

41. S 

5C91C 

43.2 

5C91C 

170.3 

15.0 

57.2 

5A130A 

806 

Average 

45.4 

173.8 

17.0 

61.7 

1073 
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Table  7 

S-N  Results  for  Reveksed-Stkess  'Pests 

(I)     Reversed-Bending  Tests  on  Rotating-Beam  Machine  (Farmer  Type) 


Unit  Stress 

lb.  per  sq.  in. 

S 


Cycles  for  Rupture 

in  Thousands 

N 


Steel  No.  1,  1.20  Carbon,  Normalized 


93  200 

74  626t 

63  500 

It 

01  500 

30 

59  600 

58 

58  400 

45 

55  000 

62 

55  000 

139 

54  300 

113t 

53  800 

4t 

53  200 

1  420 

52  900 

122 

52  800 

27t 

52  600 

400 

52  100 

317 

51  100 

252 

50  300 

36  250* 

50  200 

1  226 

50  100 

345 

49  800 

103  596* 

49  700 

101  319* 

Steel  No.  1,  1.20  Carbon,  Sorbitic 


110  000 
105  000 
100  200 
98  100 
95  100 
92  000 
90  100 
89  900 
89  100 
81  800 


24 
30 
45 

87 
149 
100  330* 

248 
99  707* 
106  265* 
102  005* 


Steel  No.  1,  1.20  Carbon,  Sorbitic 

20%  Overstress,  S  =  110  300— 

N  =  5  000 


Unit  Stress 

lb.  per  sq.  in. 

S 


Cycles  for  Rupture 
in  Thousands 

N 


Steel  No.  1,  1.20  Carbon,  Sorbitic 
20%  Overstress,  S  =110  300 
N  =  5  000  (Cont'd) 


83  200 
83  200 
82  800 
81  600 
80  300 
79  900 
79  100 
76  600 


10 
249 
31  366* 
10  139* 
10  968* 
35 
10  855* 
10  720* 


Steel  No.  1,  1.20  Carbon,  Sorbitic 

20%  Overstress,  S=110  300 

N  =   10  000 


105  300 
99  900 
96  200 
94  100 
90  000 
87  000 
85  200 
83  900 
82  800 
81  900 
80  900 
80  100 
79  000 
79  000 


30 

22 

82 

112 

92 

48 

52 

97 

8  336* 

22 

12  917* 

126 

111 

206 


Steel  No.  3,  0.52  Carbon,  Normalized 


60  400 
57  700 
57  500 
55  400 
52  300 
50  500 
50  300 
48  800 
48  000 
47  500 
45  400 
44  000 
43  800 
42  800 
42  700 


13 

19 

23 

44 

69 

105 

182 

159 

139 

380 

411 

749 

100  170* 

1  537 

1  251 


*  Specimen  did  not  break 


t  Specimen   bent. 
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Table  7      (Continued) 

S-N  Results  for  Reversed-Stress  Tests 

(I)     Reversed-Bending  Tests  of  Rotating-Beam  Machine  (Farmer  Type) 


Unit  Stress 

Cycles  for  Rupture 

Unit  Stress 

Cycles  for  Rupture 

lb.  per  sq.  in. 

in  Thousands 

lb.  per  sq.  in. 

in  Thousands 

S 

N 

S 

N 

Steel  No.  3,  0.52  Carbon,  Normalized  (Cont'd) 

Steel  No.  4,  0.37  Carbon,  Normalized  (Cont'd) 

42  200 

4  124f 

35  700 

1  572 

41  900 

100  000* 

35  400 

1  536 

41  600 

100  168* 

35  100 

3  154 

41  900 

112  944* 

35  100 

4  463 

40  400 

3  544 

34  700 

8  478 

40  400 

102  332* 

33  900 

106  588* 

37  300 

102  738* 

33  900 

107  569* 

35  800 

100  614* 

33  800 

9  937 

33  200 
33  100 

103  602* 

3  248 

32  000 

101  415* 

Steel  No.  3,  0.52  Carbon,  Sorbitic 

89  800 

10 

Steel  No.  4,  0.37  Carbon,  Sorbitic 

85  000 

13 

Treatment  A 

82  200 

37 

78  100 

40 

75  400 
73  000 

57 
73 

, 

70  200 

183 

81  400 

44 

69  500 

148 

74  700 

85 

65  500 

303 

71  600 

136 

64  000 

282 

64  700 

631 

62  000 

562 

62  100 

1  926 

59  000 

559 

59  600 

292 

58  400 

8  790 

58  800 

641 

57  500 

1  527 

58  700 

1  364 

56  200 

5  540 

57  200 

100  965* 

55  800 

63  265* 

56  200 

94  060* 

54  100 

103  387* 

55  600 

90  179* 

49  800 

108  987* 

Steel  No.  4,  0.37  Carbon,  Sorbitic 

Steel  No.  4,  0.37  Carbon,  Normalized 

Treatment  B 

It 

49  100 

48  800 

ot 

80  000 

3 

45  100 

90 

69  900 

6 

43  900 

4t 

64  100 

35 

42  200 

4t 

63  000 

180 

42  000 

234 

60  200 

108 

40  400 

572 

59  800 

144 

40  000 

ot 

57  200 

262 

40  000 

4t 

55  100 

237 

40  000 

1  861 

52  600 

373 

39  900 

17t 

50  500 

2  103 

38  100 

280 

50  000 

101  403* 

38  100 

457 

49  000 

585 

38  100 

1  175 

47  200 

766 

37  700 

2  027 

47  100 

101  566* 

37  300 

1  667 

45  300 

56  550 

36  600 

770 

44  200 

108  518* 

36  200 

884 

40  300 

100  456* 

*  Specimen  did  not  break. 


t  Specimen  bent. 
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Table  7      (Continued) 

S-N  Results  for  Reversed-Stress  Tests 

(I)     Reversed-Bending  Tests  of  Rotating-Beam  Machine  (Farmer  Type) 


Unit  Stress 

Cycles  for  Rupture 

Unit  Stress 

Cycles  for  Rupture 

lb.  per  sq.  in. 

in  Thousands 

lb.  per  sq.  in. 

in  Thousands 

S 

N 

3 

N 

Steel  No.  5,  Chrome-Nickel,  Treatment  A 

Steel  No.  5,  Chrome-Nickel,  Treatment  C 

120  000 

5 

102  100 

4 

111  300 

6 

95  100 

31 

105  300 

13 

86  000 

56 

100  100 

30 

80  800 

127 

95  200 

59 

75  000 

180 

89  800 

76 

72  600 

248 

85  800 

230 

70  600 

405 

83  100 

95 

69  800 

3  514 

80  800 

168 

68  800 

1  027 

79  600 

212 

68  300 

1  209 

77  600 

306 

67  500 

818 

76  900 

289 

67  500 

68  441 

75  600 

1  305 

67  500 

100  662* 

75  300 

807 

67  300 

817 

73  100 

765 

66  500 

58  281 

70  200 

945 

69  200 

298 

68  800 

99  908* 

68  600 

272 

68  500 

824 

Steel  No.  6,  0.93  Carbon,  Pearlitic 

68  200 

829 

68  000 

1  360 

67  800 
67  200 
65  200 
65  200 
62  800 

100  735* 
105  669* 

101  602* 
83  364 

101  239* 

48  800 
44  500 
42  000 

15 
24 
36 

40  000 
38  100 

80 

177 

36  900 

162 

35  700 

301 

34  200 

290 

Steel  No.  5,  Chrome-Nickel,  Treatment  B 

33  400 

361 

32  800 

643 

32  200 

881 

31  100 

1  302 

30  800 
30  800 

662 
2  270 

89  800 

25 

30  500 

100  125* 

86  000 

30 

30  500 

103  677* 

83  000 

94 

30  300 

101  190* 

77  700 

88 

29  900 

101  176* 

74  700 

186 

29  900 

102  483* 

74  700 

223 
405 

70  100 

67  900 

810 

65  900 

907 

65  500 

1  818 

65  200 

1  227 

65  200 

2  962 

64  700 

34  314 

64  500 

102  200* 

64  500 

103  979* 

Specimen  did  not  break. 


t  Specimen  bent. 
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Table  7     {Continued) 

S-N  Results  for  Reversed-Stress  Tests 
(I)    Re  versed-Ben  ding  Tests  of  Rotating-Beam  Machine  (Farmer  Type) 


Unit  Stress 

Cycles  for  Rupture 

Unit  Stress 

Cycles  for  Rupture 

lb.  per  sq.  in. 

in  Thousands 

lb.  per  sq.  in. 

in  Thousands 

S 

A' 

S 

N 

Steel  No.  6,  0.93  Carbon,  Sorbitic 

Steel  No.  6,  0.93  Carbon,  Troostitic  (Cont'd) 

80  000 

8 

98  000 

470 

76  600 

14 

98  000 

1  136 

73  000 

20 

97  000 

36  840 

70  000 

34 

95  200 

100  853* 

67  300 

43 
118 

65  400 

64  400 

74 

63  400 

86 

Steel  No.  7,  3.5  Nick( 

61  000 
61  000 

56 
154 

59  400 
58  000 
58  000 
57  600 
57  200 
57  000 
56  900 
56  800 
56  400 
56  300 
56  200 
56  000 

350 
810 
161 
1  370 
396 
1  232 
101  335* 
100  869* 
538 
1  116 
104  095* 
100  504* 

91  100 
86  000 
85  200 
84  900 
80  500 
76  600 
76  600 
76  600 
72  600 
71  400 
69  900 
68  000 

10 

5 

16 

5 

31 

68 

117 

165 

125 

210 

219 

1  359 

67  500 

736 

67  200 

251 
2  616 

66  200 

65  200 

492 

64  900 

1  411 

64  200 

1  530 

Steel  No.  6,  0.93 

Carbon,  Troostitic 

63  800 

1  616 

63  200 

62  217 

63  200 

69  506 

62  600 
62  100 

99  608* 

103  329* 

132  700 

4t 

62  100 

102  955* 

131  300 

12 

60  400 

106  278* 

131  000 

4 

7 

127  700 

127  700 

8 

124  100 

11 

Steel  No.  9,  0.02  ( 

Carbon,  as  Received 

120  500 

22 

120  100 

16 
41 

120  100 

117  800 

49 

37  900 

15 

115  100 

18 

34  700 

46 

112  900 

26 

34  100 

2t 

112  800 

81 

33  200 

14f 

109  000 

59 

32  100 

83 

106  400 

ot 

30  900 

131 

105  300 

78 

30  100 

130 

101  300 

1  532 

30  000 

502 

101  100 

302 

29  700 

141 

101  000. 

220 

29  700 

1  758 

101  000 

936 

29  200 

326 

100  100 

21  528 

28  700 

369 

100  000 

149 

28  400 

475 

99  900 

95 

27  600 

4  022 

99  400 

104  325* 

27  400 

1  255 

99  000 

100  900* 

26  700 

313t 

98  000 

122 

26  700 

814 

Specimen  did  not   break. 


t  Specimen  bent, 
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Table  7      (Continued) 
S-N  Results  for  Reversed-Stress  Tests 
(I)    Reversed-Bending  Tests  of  Rotating-Beam  Machine  (Farmer  Type) 


Unit  Stress 

lb.  per  sq.  in. 

S 


Cycles  for  Rupture 
in  Thousands 

N 


Steel  No.  9,  0.02  Carbon,  as  Received  (Conf  d) 


26  200 

2t 

26  200 

944 

26  200 

1  869 

26  100 

104  506* 

26  000 

1  392 

25  900 

4  251 

25  900 

100  576* 

25  400 

104  871* 

25  100 

104  175* 

Steel  No.  9,  0.02  Carbon,  Rough  Turned 


32  300 

31 

29  700 

104 

29  200 

110 

27  900 

406 

27  900 

453 

27  200 

576 

25  900 

6  329 

25  600 

2  291 

25  000 

434t 

24  900 

5  424 

24  600 

407 

24  100 

578t 

24  000 

4  836 

23  100 

11  372* 

Steel  No.  9,  0.02  Carbon,  Smooth  Turned 


33  500 
32  300 
30  300 
27  900 
25  900 
25  400 
24  900 
24  400 
24  400 
24  000 
24  000 
23  600 
23  600 
23  500 


4t 

45 

236 

806 

1 

480 

2 

756 

2 

042f 

7 

781 

10 

880* 

899t 

25 

936* 

2  325t 

12 

256* 

21 

937* 

Unit  Stress 
lb.  per  sq.  in. 
S 


Cycles  for  Rupture 
in  Thousands 

N 


Steel  No.  9,  0.02  Carbon,  Square  Shoulder 


23  300 
22  000 
20  000 
18  600 
18  200 
18  100 
18  100 
17  100 
16  000 
15  500 
15  500 
14  800 
14  700 
14  200 
13  600 
13  600 
13  600 
13  400 
13  700 


0t 

ot 

408 
416t 
35t 
4  912 
10  774* 
1  551 
914 
1  019 
8  891 
470 
434 
295t 
1  492 
12  828* 
12  234* 
10  000* 
10  077* 


Steel  No.  9,  0.02  Carbon,  %"    Radius 


34  000 

87 

32  300 

4t 

28  700 

14t 

27  800 

393 

27  000 

22f 

26  000 

1  418 

25  800 

1  116 

25  300 

1  615 

24  500 

46f 

24  000 

4  646 

24  000 

13  486* 

23  800 

1  625 

23  300 

3  251 

22  800 

4  378 

22  300 

173t 

22  200 

15  129* 

22  000 

2  062 

22  000 

39  129* 

Steel  No.  10,  0.49  Carbon,  Sorbitic 


64 

500 

64 

400 

62 

000 

60 

300 

60 

000 

59  900 

t  Specimen 

bent. 

2t 
18t 

5t 
52f 
38 
35 


Specimen  did  not  break. 
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Table  7      {Continued) 

S-S  Results  for  Reversed-Stress  Tests 
(I)    Reversed-Bending  Tests  of  Rotating-Beam  Machine  (Farmer  Type) 


Unit  Stresss 

lb.  per  sq.  in. 

S 


Cycles  for  Rupture 
in  Thousands 

N 


Steel  No.  10,  0.49  Carbon,  Sorbitic  (Cont'd) 


57 

700 

101 

56 

000 

161 

56 

000 

48f 

55 

300 

432 

54 

100 

32f 

53 

100 

229 

51 

800 

514 

50 

800 

793 

50 

800 

584 

50 

500 

315 

50 

500 

101  099* 

50 

300 

101  934* 

49 

500 

568 

49 

000 

167 

49 

000 

766 

48 

800 

580 

48 

500 

252 

48 

000 

100  940* 

47 

800 

106  282* 

47 

100 

106  235* 

Steel  No.  10,  0.49  Carbon,  Sorbitic, 
Rough  Turned 


57  900 
55  400 
50  500 
47  400 
44  600 
42  200 
41  800 
41  400 
41  300 
40  800 


21 

68 

72 

154 

274 

430 

417 

744 

15  156* 

11  167* 


Steel  No.  10,  0.49  Carbon,  Sorbitic, 
Smooth  Turned 


56  000 
55  700 
53  700 
51  400 
50  300 
49  900 
48  000 
47  900 
46  000 
45  500 
44  600 
44  100 
43  900 
43  600 
42  700 


13 

69 

104 

523 

169 

265 

111 

201 

232 

11  223* 

534 

554 

1  666 

10  647* 

13  534* 


Unit  Stress 

lb.  per  sq.  in. 

S 


Cycles  for  Rupture 
in  Thousands 

N 


Steel  No.  10,  0.49  Carbon,  Sorbitic, 
Ground  Finish 


59  600 
56  200 
53  800 
52  100 
50  800 
49  000 
48  300 
47  100 
46  000 
45  700 
45  900 
45  300 
42  200 


26 

69 

40 

155 

102 

499 

357 

260 

2 

776 

2 

615 

192 

10 

266* 

8 

691* 

Steel  No.  10,  0.49  Carbon,  Sorbitic, 
Rouge  Finish 


64  800 

2t 

57  600 

230 

55  100 

230 

53  500 

2  203 

52  100 

494 

51  800 

354 

51  100 

721 

50  700 

243 

50  700 

12  603* 

50  700 

727 

50  400 

246 

50  000 

14  532* 

Steel  No.  10,  0.49  Carbon,  Sorbitic, 
Square  Shoulder 


46 

000 

39 

700 

34  000 

33 

700 

29 

300 

27 

400 

26 

500 

25 

900 

25 

800 

25 

400 

25 

300 

25 

000 

24 

600 

24 

300 

24  000 

24  000 

23 

800 

23 

500 

23 

300 

t  Specimei 

bent 

50 
112 
20  4 
174 
551 

1  729 
650 

4  728 

2  161 
90S 
862 
530 
950 

48  290* 

1  543 
987 

2  428 
10  734* 
13  131* 


*  Specimen  did  not  break. 
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Table  7       (Continued) 

S-N  Results  foe  Reversed-Stress  Tests 

ili    Reversed-Bending  Tests  of  Rotating-Beam  Machine  (Farmer  Type) 


Unit  Stress 

11).  per  sq.  in. 

S 


Cycles  for  Rupture 

in  Thousands 

N 


Steel    No.    10,  0.49  Carbon,   Sorbitic,  V-Notch 


40  000 
39  500 
34  900 
30  900 
28  200 

20  000 
23  700 

21  900 
19  400 
19  200 
19  100 
19  000 

15  Mill 

18  800 
18  000 

16  900 


154 

70 
110 
228 
331 
441 
431 
670 
459 
3  393 
557 

21  800* 

887 
12  480* 
17  634* 
10  090* 


Unit  Stress 
lb.  per  sq.  in. 

S 


Cycles  for  Rupture 
in  Thousands 

N 


Sled   No.   10,  0.49  Carbon,  Sorbitic,   1'    Radius 
(Cont'd) 


49  000 
48  500 
48  100 
48  000 
47  500 
47  500 


896 

521 

12  793* 

12  669* 

1   110 

10  223* 


Steel  No    10,   0.49  Carbon,  Sorbitic,  H"   Radius 


65  400 
60  100 
54  500 
50  800 
50  700 
49  400 
49  000 
48  600 
48  200 
47  600 
47  500 
47  000 
46  100 
45  100 
44  100 
44  000 


26 

49 

117 

800 

398 

221 

1   298 

427 

582 

618 

361 

882 

926 

1   416 

10  639* 

15  072* 


Steel  No.  10,  0.49  Carbon,  Sorbitic,  1"  Radius 


Steel  No.  10,  0.49  Carbon,  Sorbitic,  38%  Over- 
stress,  N=100,  S=69  700 


67  000 
65  700 
64  700 
62  500 
61  100 
57  900 
56  400 
54  300 
52  600 
51  100 
50  800 
50  500 
50  000 
49  500 


2t 
3+ 
57 

75 
144 
36t 
212 
45 
337 
1  000 
10  220* 
398 
14  440* 
10  687* 


66  900 

17 

64  000 

43 

59  800 

60 

56  800 

168 

54  300 

117 

53  500 

220 

50  100 

505 

50  000 

452 

49  500 

195 

49  100 

10  086* 

Steel  No.  10,  0.49  Carbon,  Sorbitic,  35%  Over- 
stress,  N=1000,  S=65  000 


56  600 
53  700 
52  400 
51  800 
50  000 
49  800 
49  000 
48  600 
47  200 
46  500 
45  900 
45  800 
45  600 


1 


8t 
57 
224 
274 
162 
294 
352 
426 
328 
819 
2t 
20  986* 
147 


Steel  No.  10,  0.49  Carbon,  Sorbitic,  29%  Over- 
stress,     N=1000,     S=62  000 


60  000 
55  000 
52  900 
51  100 
50  800 


4 

22 
261 
155 
564 


Specimen  did  not  break. 


t  Specimen  bent . 
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Table  7      (Continued) 

S-N  Results  for  Reversed-Stress  Tests 

(I)   Reversed-Bending  Tests  of  Rotating-Beam  Machine  (Fanner  Type) 


Unit  Stress 

lb.  per  sq.  in. 

S 


Cycles  for  Rupture 

in  Thousands 

N 


Steel  No.  10,  0.4!)  Carbon,  Sorbitic, 
29'  ;  I  Iveretress,  N  -  1000,  S  =02  000  (Cont'd) 


50  300 

392 

49  500 

230 

49  300 

2  430 

49  000 

3  279 

48  400 

10  140* 

47  800 

340 

47  800 

650 

Steel  No.  10,  0.49  Carbon,  Sorbitic, 
29%   Overstress,   N  =5000,   S=62  000 


54  000 
50  000 
48  800 
47  200 
46  500 
46  000 
44  900 
44  100 
43  100 
43  100 
42  900 
42  700 
42  300 
41  800 


28 
100 
183 
29f 
90 
221 
234 
1  091 
10  738* 
514 
238 
433 
10  057* 
10  620* 


Steel  No.  10,  0.49  Carbon,  Sorbitic, 
20%     Overstress,    N  =5000,    S  =60  000 


58  500 

84 

55  000 

383 

52  900 

684 

51  300 

1  220 

50  500 

2  883 

49  800 

10  022* 

Steel  No.  10,  0.49  Carbon,  Sorbitic 
10%  Overstress,  N  =5000,  S  =55  600 


Unit  Stress 

lb.  per  sq.  in. 

S 


Cycles  for  Rupture 
in  Thousands 
N 


Steel  No.  50,  Cold-drawn,  as  Received 


70  000 
60  300 
55  600 
50  300 
45  000 
42  200 
41  100 
40  700 
40  400 
40  300 
40  000 
40  000 
36  200 


6 

97 

108 

397 

1 

073 

2  284 

1 

958 

56 

976* 

3 

480 

8 

919 

74  956* 

51 

376* 

57 

606* 

Steel  No.  50,  Cold-drawn,  Annealed  at  1300°  F. 


41  200 
40  800 
35  000 
33  500 
31  600 
30  500 
29  700 
29  000 
28  900 
27  900 
25  600 
25  000 


18 

19 

147 

84 

457 

680 

356 

818 

61  754* 

59  62S* 

S  2891 

3  229 


Steel   No.  50,  Cold-drawn,  Annealed  at  1550°  F. 


■  Specimen  did   not  break. 


t  Specimen  bent. 
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Table  7      (Continued) 
S-N  Eesults  for  Keversed-Stress  Tests 
Reversed-Bending  Tests  of  Rotating-Beam  Machine  (Farmer  Type) 


Unit  Stress 

Cycles  for  Rupture 

Unit  Stress 

Cycles  for  Rupture 

lb.  per  sq.  in. 
S 

in  Thousands 

lb.  per  sq.  in. 
5 

in  Thousands 

N 

Steel  No.  51,  Hot-rolled,  0.18  Carbon, 

Steel  No.  51,  Hot-rolled,  0.18  Carbon, 

as  Received 

Reduced   from   H   in.   to  0.48  in. 

45  400 

21 

50  100 

25 

42  300 

33 

46  700 

42 

42  100 

7t 

45  200 

154 

39  700 

148 

43  100 

260 

37  700 

221 

40  000 

385 

36  200 

172 

40  000 

795 

34  600 

(i()2 

39  000 

841 

30  300 

1    244 

37  700 

671 

30  300 

1   292 

37  000 

203 

29  200 

4  631 

35  800 

1   712 

28  600 

12  452 

34  800 

52  383* 

27  800 

53  926* 
50  905* 

27  300 

Steel  No.  51,  Hot-rolled.  0.18  Carbon. 

Steel    No.  51,  Hot-rolled,  0.18  Carbon, 

Heduced    from 

V2    in.    to   0.44   in. 

Bent  Cold  and  Straightened 

54  700 
50  500 
49  800 
48  300 
47  000 
45  200 
42  200 
40  000 
40  000 
37  600 


32t 
230 
55 
524 
1  178 
911 
3  519 
53  537* 
53  582* 
53  826* 


49  800 

3t 

45  300 

It 

37  300 

546 

34  700 

1  504 

32  500 

726 

31  400 

2  384 

30  000 

65  198* 

Specimen  did  not  break. 


t  Specimen  bent. 
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Table  7      (Continued) 

S-N  Results  for  Reversed-Stress  Tests 

(II)  Re  versed-Bending  Tests  on  Upton-Lewis  Machine 


Unit  Stress 

Cycles  for  Rupture 

Unit  Stress 

Cycles  for  Rupture 

lb.  per  sq.  in. 

in  Thousands 

lb.  per  sq.  in. 

in  Thousands 

S 

N 

S 

N 

Steel  No.  1,  1.20 

Carbon,  Normalized 

Steel  No.  4,  0.37  Carbon,  Sorbitic 

65  000 

6 

70  700 

13 

60  000 

11 

66  700 

9 

58  400 

23 

64  300 

32 

48  600 

167 

58  900 

186 

46  700 

495 

57  800 

69 

45  000 

81 

54  800 

131 

44  200 

2  047* 

54  200 

71 

51  600 
44  800 

98 

272 

Steel  No.  3,  0.52  C 

arbon,  Normalized 

44  700 

168 

53  300 

20 

46  500 
46  000 

26 
40 
79 

Steel  No.  5,  Chrome-nickel,  Treatment  A 

43  300 

41  200 

95 

38  000 
37  000 
34  200 
33  000 
32  000 

98 

225 

315 

195 

2  017* 

95  200 
85  100 
80  000 
69  300 

31 
52 
42 
64 

67  800 

78 
111 

64  800 

Steel  No.  3,  0.52 

Carbon,  Sorbitic 

64  400 

413 

60  100 

558 

59  700 
55  100 
54  200 
54  100 
53  200 
51  600 

340 
tot; 

1  182 
469 
444 

2  307* 

70  700 
60  000 
54  000 
50  000 

15 

46 

93 

143 

48  000 
47  000 

179 
392 

50  200 

2  017* 

45  000 

1  323 

2  086* 

43  000 

42  000 

2  928* 

Steel  No.  6,  0.93  Carbon,  Pearlitic 

Steel  No.  4,  0.37  ( 

Carbon,  Normalized 

45  000 

13 

45  600 

8 

40  000 

49 

43  300 

19 

38  200 

178 

41  900 

26 

38  000 

96 

41  000 

35 

36  000 

113 

37  800 

30 

36  000 

248 

35  800 

78 

35  900 

289 

33  700 

89 

34  800 

429 

32  000 

97 

34  000 

446 

30  800 

190 

32  800 

196 

30  000 

393 

32  000 

214 

29  200 

228 

32  000 

2  226 

28  900 

1  027 

31  200 

1  224 

28  900 

1  582 

31  000 

330 

28  600 

2  018* 

30  200 

2  007* 

28  000 

2  011* 

30  000 

895 

28  600 

2  359* 

*  Specimen  did  not  break. 


t  Specimen  bent. 


80 


ILLINOIS   ENGINEERING    EXPERIMENT   STATION 

Table  7      {Continued) 

S-N  Results  for  Reversed-Stress  Tests 

(II)  Reversed-Bending  Tests  on  Upton-Lewis  Machine 


1 

Unit  Stress 

Cycles  for  Rupture 

Unit  Stress 

Cycles  for  Rupture 

lb.  per  sq.  in 

in  Thousands 

lb.  per  so.  in. 

in  Thousands 

S 

N 

S 

N 

Steel  No.  6,  0.93  Carbon,  Sorbitic 

Steel  No.  10,  0.49  Carbon,  Sorbitic 

75  500 

19 

75  500 

21 

70  500 

31 

70  500 

43 

67  200 

64 

65  600 

27 

65  400 

112 

60  500 

37 

60  900 

112 

58  100 

142 

56  900 

107 

55  900 

95 

55  200 

162 

54  200 

180 

54  800 

294 

50  500 

245 

54  600 

139 

47  500 

368 

51  100 

294 

44  200 

517 

49  100 

364 

41  800 

1  115 

48  400 

492 

40  300 

489 

46  700 

.592 

40  000 

1  567 

45  600 

916 

39  000 

2  309* 

45  400 

524 
2  656* 

44  800 

44  800 

1  084 

44  300 

625 

44  200 

1  993* 

43  600 

2  326* 

Steel  No.  9,  0.02  Carbon,  as  Received 

39  800 

22 

32  000 

81 

29  900 

187 

27  900 

374 

26  400 

394 

26  100 

211 

25  400 

661 

25  000 

563 

24  400 

563 

24  000 

780 

23  600 

1  614 

23  600 

1  175 

23  300 

2  723* 

23  000 

1  694 

1 

*  Specimen  did  not  break 

. 

f  Specimen  bent. 
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Table  7      {Continued) 

S-N  Results  for  Reversed-Stress  Tests 
(III)   Reversed  -Bending  Tests  on  Rotating-Beam  Machine   (Wisconsin  ) 


Unit  Stress 

Cycles  for  Rupture 

Unit  Stress 

Cycles  for  Rupture 

lb.  per  sq.  in. 

in  Thousands 

lb.  per  sq.  in. 

in  Thousands 

S                 N 

8 

.V 

Steel  No.  5,  Chrome-Nickel,  Treatment  A 

Steel  No.  2 

,  Wisconsin  Tests 

99  900 

14 

50  000 

54 

89  900 

26 

45  100 

222 

80  200 

49 

42  600 

476 

72  800 

74 

39  900 

758 

65  200 

224 

39  500 

1  783 

62  000 

10  623* 

39  100 

450 

60  100 

216 

39  000 

903 

60  000 

5  231* 

38  000 

10  486* 

58  100 

7  215* 

37  000 

12  102* 

56  100 

5  222* 

34  900 

12  642* 

54  000 

7  250* 

52  000 

5  122* 

50  300 

5  193* 

Steel  No.  3, 

\V 

sconsin  Tests 

Steel  No.  1,  Wisconsin  Tests 


45  000 

118 

42  000 

238 

39  900 

331 

39  900 

164 

39  000 

600 

39  000 

415 

38  600 

517 

37  000 

630 

36  000 

1 

317 

36  000 

1 

076 

35  200 

12 

446* 

34  900 

806 

34  900 

1 

940 

34  000 

1 

916 

34  000 

3 

608 

34  000 

4 

857 

33  500 

4 

790 

33  500 

10 

662* 

33  100 

10 

759* 

32  500 

14 

173* 

30  000 

14  984* 

59  600 

42 

53  100 

96 

50  000 

180 

47  500 

403 

45  000 

539 

44  900 

467 

44  000 

5  828 

43  000 

3  031 

43  000 

670 

42  000 

10  549* 

42  000 

20  833* 

42  100 

15  716* 

*  Specimen  did  uot  break. 


t  Specimen  bent. 
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Table  7      {Continued) 
S-N  Results  for  Reversed-Stress  Tests 
(IV)  Reversed-Torsion  Tests  on  Olscn-Foster  Machine 


Unit  Stress 
lb.  per  sq.  in. 

s 

Cycles  for  Rupture 

in  Thousands 

N 

Unit  Stress 

lb.  per  sq.  in. 

S 

Cycles  for  Rupture 
in  Thousands 

N 

Steel  No.  4,  0.37  Carbon,  Normalized 

Steel  No.  5,  Chrome-Nickel,  Treatment  B 

29  ooo 
25  000 
20  000 
18  000 
16  000 

Steel  No.  4,  0.37  Cs 

5 

54 

207 

937 

5  492* 

rbon,  Sorbitic 

49  700 
46  000 

41  900 

42  000 
39  500 
37  900 
36  400 
35  900 
34  200 
33   100 
32  200 
32  000 
31  300 
31  200 

2 

7 

27 

62 

44 

81 

208 

234 

512 

304 

2  804* 

1  660 

2  565* 
2  117* 

45  800 
42  200 
38  500 
35  200 
34  700 

10 

34 

146 

096 

153 

2  000* 

2  318* 

32  400 
32  400 

Steel  No.  5,  Chrome-Nickel,  Treatment  A 

54  100 
53  800 
50  200 
49  600 
46  800 
45  200 
43  800 
43  000 
41  000 
40  500 
40  000 
40  000 
38  100 
37  900 
37  900 
37  000 

44 

14 

18 

25 

49 

38 

94 

58 

250 

236 

337 

325 

1  906 

2  544* 
2  550* 
2  064* 

Specimen  did  not  break. 


t  Specimen  bent. 
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Table  7       (Continued) 

S-N  Results  for  Reversed-Stress  Tests 
(IV)  Reversed-Torsion  Tests  on  Olsen-Foster  Machine 


Unit  Stress 

Cycles  for  Rupture 

Unit  Stress 

Cycles  for  Rupture 

lb.  per  sq.  in. 

in  Thousands 

lb.  per  sq.  in. 

in  Thousands 

S 

N 

S 

N 

Steel  No.  6,  0.93  Carbon,  Pearlitic 

Steel  No.  9,  0.02  Carbon,  aa  Received 

26  000 

7 

20  000 

13 

25  000 

18 

18  000 

35 

24  000 

52 

17  300 

34 

22  000 

87 

16  000 

82 

21  000 

147 

14  900 

157 

20  000 

79 

14  300 

178 

20  000 

196 

13  500 

420 

19  800 

305 

13  200 

780 

19  000 

509 

13  000 

1  505 

18  000 

703 

12  700 

2  446* 

17  500 

1  149 

12  500 

1  632 

17  000 

1  742 

12  400 

2  062* 

16  800 
16  500 

1  926 

2  000* 

16  100 

2  880* 

Steel  No.  10,  0.49  Carbon,  Sorbitic 

Steel  No.  6,  0.93  Carbon,  Troostitic 

34  000 

9 

31  600 
29  200 

34 

82 

77  500 

4 

26  900 

266 

68  600 

4 

25  600 

2  206* 

65  500 

37 

65  200 

215 

64  200 

27 

59  500 

74 

57  700 

11 

57  200 

173 

54  800 

389 

53  500 

685 

53  200 

220 

53  100 

418 

52  500 

2  039* 

52  400 

2  045* 

52  100 

2  198* 

51  400 

1  059 

Specimen  did  not  break. 


t  Specimen  bent. 
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IV.     Discission   of    Results 

14.  Endurance  Limit. — The  question  whether  any  material  can 
withstand  an  infinite  number  of  repetitions  of  stress,  however  small, 
cannot  of  course  be  answered  by  direct  experimentation.  Earlier 
investigators  determined  a  "limit"  from  plotted  curves  with  values 
of  unit  stresses  as  ordinates,  and  numbers  of  repetitions  of  stress 
causing  failure  as  abscissas.  Denoting  values  of  unit  stress  by  8 
and  number  of  cycles  of  stress  necessary  to  cause  failure  by  N,  such 
diagrams  may  be  conveniently  designated  as  S-N  diagrams,  and  are 
so  designated  in  this  bulletin.  Having  drawn  such  a  diagram,  the 
early  experimenters  then  judged  as  best  they  could  where  the  S-N 
diagram  became  horizontal,  and  took  the  S  ordinate  corresponding  to 
this  horizontal  asymptote  as  the  limiting  stress  which  could  be  with- 
stood an  indefinite  number  of  times.  Fig.  36(A)  shows  some  of  the 
test  data  of  this  investigation  plotted  in  this  way.  A  careful  read- 
ing of  the  writings  of  early  investigators  shows  that  they  recognized 
the  limitations  of  this  method  and  the  enormous  extrapolation  in- 
volved. 

A  modification  of  this  method  is  to  plot  values  of  8  as  ordinates 
and  values  of  the  reciprocal  of  N  as  abscissas.  (See  Fig.  36  [B]  in 
which  some  of  the  test  data  of  this  investigation  are  thus  plotted). 
Then  the  limit  for  indefinite  repetition  of  stress  is  found  by  extend- 
ing the  curve  backward  until  it  crosses  the  zero  line  of  abscissas. 
This  method  involves  an  extrapolation  which  apparently  is  only 
slight,  but  which  in  reality  is  as  great  as  that  involved  in  the  first 
method.  In  Fig.  36(B)  the  horizontal  distance  between  A,  cor- 
responding to  the  smallest  observed  value  of  1  'N,  and  the  zero  line 
for  1/iV  seems  small,  but  in  reality  it  corresponds  to  an  infinite  dis- 
tance along  the  A-axis  in  the  S-N  diagram,  Fig.  36(A).  This  method 
of  plotting  gives  no  assurance  that  the  reciprocal  S-N  diagrams  do 
not  follow  the  broken  lines  in  Fig.  36(B). 

A  modification  of  this  second  method,  suggested  by  Mr.  C.  E. 
Stromeyer   of   Manchester,    England,    involves    plotting   values   of   S 

1 

against  values  of  4 ,—  .     This  method  gives  a  graph  which  is  nearly 
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Fig.  36.     Various  Methods  of   Plotting  S-N  Diagrams 


the  form  8=  /AT  K,  in  which  B  and  K  are  experimentally  determined 
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a  straight  line,  but  involves  the  same  extrapolation  as  does  the  method 
given  above. 

Some  later  authorities,  including  Professor  Basquin  of  North- 
western University,  and,  later,  Moore  and  Seely,  have  suggested  that 
the  relation  between  8  and  JV  may  be  expressed  by  an  equation  of 
B_ 
{NY 

constants.  This  viewpoint  has  been  advocated  as  being  a  safe  view- 
point for  designers,  rather  than  as  an  exact  statement  of  relation,  and 
it  involves  the  assumption  that  any  stress  repeated  often  enough 
will  eventually  cause  failure  of  a  material.  If,  in  place  of  plotting 
values  of  8  and  N,  values  of  log  S  and  log  N  are  plotted,  or  values 
of  8  and  N  are  plotted  on  logarithmic  cross-section  paper,  the  rela- 
tion given  in  the  above  equation  is  represented  by  a  straight  line. 

In  Fig.  36(C)  the  results  of  some  tests  of  this  investigation  are 
plotted  to  logarithmic  coordinates.  In  this  figure,  as  in  all  the  8-N 
diagrams  plotted  to  logarithmic  coordinates,  the  plotted  point  for 
any  specimen  which  was  not  broken  is  marked  with  an  arrow.  It 
may  be  noted  that  logarithmic  plotting  enables  both  small  values 
and  large  values  of  N  to  be  plotted  with  a  reasonable  degree  of 
accuracy.  It  should  be  noted  that  Fig.  36(A),  Fig.  36(B),  and 
Fig.  36(C)  show  the  same  test  data  plotted  in  different  ways.  The 
diagrams  of  Fig.  36(C)  indicate  that  up  to  a  certain  value  of  N  a 
power  equation  is  followed  fairly  closely,  but  then  there  comes  a 
quite  decided  break  in  the  graph,  after  which  a  horizontal  line  seems 
to  represent  the  relation  between  S  and  N  up  to  the  value  of  N  of 
100  000  000,  with  no  indication  of  a  further  break  in  the  diagram. 
On  a  logarithmic  S-N  diagram,  as  on  an  ordinary  8-N  diagram,  a 
horizontal  line  would  seem  to  indicate  that  a  limit  for  indefinite  re- 
versals of  stress  had  been  reached,  and  the  ordinate  of  such  a  line 
gives  a  value  of  8  which  in  this  bulletin  is  designated  as  the  "en- 
durance limit." 

It  is  of  course  possible  that  the  relation  between  S  and  N  is  of 
such  a  nature  that  at  some  point  beyond  100  000  000  reversals  the 
diagram  again  slopes  downward.  However,  it  is  believed  that  these 
experiments  have  been  of  sufficient  extent  and  sufficiently  numerous 
to  justify  regarding  the  unit  stress  corresponding  to  the  horizontal 
line  as  a  unit  stress  which  can  be  completely  reversed  for  an  in- 
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definite  number  of  times  without  danger  of  failure  and  in  calling 
that  unit  stress  the  endurance  limit.  Additional  confidence  in  this 
conclusion  is  given  by  the  well-defined  "break"  shown  in  the  logar- 
ithmic 8-N  diagrams,  indicating  as  it  does  a  decided  change  in  the 
relation  between  8  and  iV;  and  still  further  confidence  is  given  by 
the  distinct  rise  of  temperature  noted  at  the  endurance  limit  (this 
rise  of  temperature  is  more  fully  discussed  in  Chapter  V). 

Some  of  the  8-N  diagrams  show  considerable  variation  in  values 
of  N  for  a  given  value  of  8,  especially  at  or  near  the  endurance  limit. 
The  engineer  usually  wishes  to  determine  a  safe  value  of  8,  and  it 
may  be  pointed  out  that  for  these  same  S-N  diagrams  there  is  little 
variation  in  8  for  a  given  value  of  N. 

It  is  believed  that  the  series  of  tests  herein  reported  furnish  a 
clearer  demonstration  of  the  existence  and  magnitude  of  an  endur- 
ance limit  for  steel  than  has  been  furnished  by  previous  tests.  It  is 
believed,  moreover,  that  this  investigation  is  a  reconnaissance  in  the 
field  of  wrought  ferrous  metals  sufficiently  extensive  to  indicate  the 
probability  that  there  is  an  endurance  limit  for  such  metals  in 
general. 

In  all  of  the  curves  the  endurance  limit  is  developed  at  a  value 
of  N  less  than  10  000  000.  This  fact  can  be  used  to  shorten  very 
greatly  the  time  required  for  determining  the  endurance  limit  of 
ferrous  metals.  It  is  not  at  all  certain  that  non-ferrous  metals  reach 
their  endurance  limits  at  such  low  values  of  N. 

15.  Some  Factors  Influencing  Endurance  Limit. — Fig.  24  il- 
lustrates the  effect  of  heat  treatment  on  the  endurance  limit.  The 
very  soft  condition  of  the  pearlitic  structure  of  the  0.93  carbon  steel 
results  in  an  endurance  limit  of  30  500  pounds  per  square  inch.  This 
can  be  increased  84  per  cent  when  the  steel  is  given  a  sorbitic  struc- 
ture by  heat  treatment,  and  221  per  cent  when  it  is  given  a  troostitic 
structure.  Figs.  25  and  26  illustrate  the  same  fact  and  make  clear 
the  very  great  influence  which  heat  treatment  may  exert  upon  the 
fatigue  strength  of  steel. 

Figs.  32  and  33  show  the  8-N  curves  obtained  with  the  Upton- 
Lewis  reversed-bending  machine,  and  also  one  curve  for  chrome- 
nickel  steel,  treatment  A,  which  is  from  tests  made  on  the  Wisconsin 
machine.    The  endurance  limits  from  these  tests  on  the  Upton-Lewis 
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machine  are  given  in  Table  5,  and  it  will  be  noted  that  they  are 
uniformly  lower  than  those  obtained  from  the  rotating-beam  test. 
This  difference  is  probably  due  in  part  to  stresses  set  np  by  the 
inertia  of  vibrating  parts  in  the  Upton-Lewis  machine,  and  in  part 
to  the  fact  that  a  i/^-inch  radius  was  used  in  reducing  the  section 
of  the  Upton-Lewis  specimen,  while  a  radius  of  9.85  inches  was  used 
in  the  case  of  the  rotating-beam  specimen.  It  is  well  known  that  an 
abrupt  change  of  section  such  as  employed  with  the  Upton-Lewis 
specimen  causes  localized  stresses  which  tend  to  reduce  the  fatigue 
strength.  This  matter  is  discussed  more  fully  in  Section  20,  "Ef- 
fect of  Shape  of  Specimen  on  Endurance." 

For  steel  No.  5,  chrome-nickel,  treatment  A,  the  endurance  limit 
was  determined  with  three  different  machines.  The  corresponding 
S-N  diagrams  are  shown  in  Figs.  25  and  33.  The  Farmer  machine 
gave  an  endurance  limit  of  68  000  pounds  per  square  inch,  the  Wis- 
consin machine  an  endurance  limit  of  61000  pounds  per  square  inch, 
and  the  Upton-Lewis  machine  an  endurance  limit  of  52  000  pounds 
per  square  inch.  The  two  lower  values  in  the  Wisconsin  and  the 
Upton-Lewis  machines,  respectively,  are  believed  to  be  due  to  the 
short-radius  fillet  of  the  Wisconsin  specimen,  and  to  the  short-radius 
fillet  of  the  Upton-Lewis  specimen  together  with  acceleration  effects 
in  the  vibrating  parts  of  the  Upton-Lewis  machine. 

Figs.  34  and  35  show  the  S-N  curves  obtained  with  the  Olsen- 
Foster  reversed  torsion  machine.  The  endurance  limits  taken  from 
these  curves  are  given  in  Table  5.  The  results  thus  far  obtained 
indicate  that  the  ratio  of  the  endurance  limit  in  torsion  to  the  endur- 
ance limit  of  the  same  steel  in  bending  varies  from  0.48  to  0.57.  An 
average  of  eight  results  shows  that  the  endurance  limit  in  torsion  is 
about  0.52  of  the  endurance  limit  in  bending. 

The  effect  of  changes  in  the  details  of  the  heat  treatment  of 
material  on  the  endurance  strength  is  well  brought  out  by  the  two 
curves  in  Fig.  25  for  the  0.37  carbon,  sorbitic  steel.  The  specimens 
for  treatment  A  were  turned  to  about  0.02  inch  oversize  and  then 
heat  treated.  The  specimens  for  treatment  B  were  about  %  inch 
testing.  Table  3  shows  that  the  tensile  results  for  treatment  B  were 
square,  and  were  first  heat  treated  and  then  turned  down  to  size  for 
considerably  lower  than  for  treatment  A,  and  Fig.  25  shows  that 
the  endurance  limit  was  also  lower.     These  results  indicate  the  neces- 
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sity  of  having  the  conditions  of  heat  treating  as  nearly  the  same  as 
possible  in  order  to  get  uniform  results. 

In  those  cases  in  which  specimens  from  the  same  steel  were 
tested  in  a  normalized  and  in  a  sorbitic  condition,  the  S-N  curves 
show  that  the  endurance  limit  is  higher  for  the  sorbitic  condition 
by  31  per  cent  for  the  0.52  carbon,  73  per  cent  for  the  0.37  carbon, 
and  84  per  cent  for  the  1.20  carbon  steel.  For  the  0.93  carbon,  the 
sorbitic  gives  an  endurance  limit  84  per  cent  higher  than  the  pear- 
litic  steel. 

An  interesting  fact,  shown  by  Table  3,  is  that  the  0.37  carbon 
sorbitic  steel  has  a  percentage  of  elongation  almost  as  high  as  the 
0.37  carbon  normalized  steel,  and  the  percentage  of  reduction  of  area 
is  even  higher.  For  the  0.93  carbon  steel  the  ductility  is  almost 
exactly  the  same  for  the  sorbitic  specimens  as  for  the  pearlitic;  for 
the  0.52  carbon  steel  the  elongation  is  slightly  less  for  the  sorbitic 
specimens  than  for  the  normalized,  but  the  reduction  of  area  is 
greater;  while  for  the  1.20  carbon  steel  the  sorbitic  condition  has 
actually  a  higher  ductility  than  the  normalized.  These  results  in- 
dicate that  heat  treatment  may  greatly  improve  the  static  and  fatigue 
strength  properties  of  the  material  with  no  serious  sacrifice  of  duc- 
tility, t 

The  tests  were  not  conducted  with  the  intention  of  comparing 
carbon  steels  with  nickel  and  chrome-nickel  steels,  but  certain  quanti- 
tative results  may  be  mentioned.  Table  3  shows  that  the  sorbitic 
treatment  for  the  carbon  steels,  with  the  one  exception  of  the  1.20 
carbon  steel,  develops  about  the  same  ductility  represented  by  per- 
centage of  elongation  as  the  heat  treatments  which  were  used  for 
the  nickel  and  chrome-nickel  steels.  The  results  indicate  that  the 
nickel  and  chrome-nickel  steels  have  the  advantage  of  somewhat 
higher  endurance  limits  for  the  same  ductility.  This  result  is  not 
unexpected,  judging  from  the  well-known  fact  that  these  alloy  steels 
in  comparison  with  carbon  steels  show  high  ductility  for  a  given 
static  strength. 

16.  Relation  of  Static  Strength  to  Endurance  Limit. — The  tests 
described  in  this  bulletin  seem  to  indicate  that  the  results  of  static 
tests  made  in  an  ordinary  testing  machine  are  not  reliable  as  an 
index  of  the  strength  of  the  material  under  reversed  stress  as  de- 
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termined  by  the  rotating-beam  test.  In  confirmation  of  this,  atten- 
tion is  called  to  Fig.  37,  in  which  are  plotted  values  of  the  endurance 
limit,  the  proportional  limit,  and  the  ultimate  tensile  strength  for 
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the  various  steels  tested,  arranged  in  such  order  that  the  endurance 
limits  increase  from  left  to  right.  The  values  for  proportional  limit 
do  not  follow  at  all  closely  the  values  for  endurance  limit.  Compu- 
tations from  the  values  given  in  this  figure  show  that  the  ratio  of 
endurance  limit  to  proportional  limit  varies  from  1.5  to  0.5,  making 
it  apparent  that  the  proportional  limit  cannot  be  used  to  predict 
fatigue  strength  in  bending.  The  variation  in  the  ratio  of  endur- 
ance limit  to  ultimate  tensile  strength  is  not  as  great  as  the  variation 
just  mentioned,  but  is  considerable,  the  ratio  ranging  from  0.68  to 
0.36.  In  general  as  the  proportional  limit  and  the  ultimate  tensile 
strength  increase  the  endurance  limit  also  increases. 

Fig.  37  also  shows  values  of  the  endurance  limit  as  determined 
by  a  temperature  test,  which  is  discussed  in  detail  in  Chapter  V. 

A  study  of  the  endurance  limits  in  torsion  and  the  correspond- 
ing proportional  limits  shows  that  here  also  the  proportional  elastic 
limit  is  not  a  reliable  index  of  fatigue  strength.  In  this  case,  the 
ratio  of  endurance  limit  to  the  proportional  elastic  limit  was  found 
to  range  from  a  value  of  1  for  the  0.02  carbon  steel  and  the  0.93 
carbon  pearlitic  steel,  to  0.51  for  the  chrome-nickel  steel,  treatment  A. 

The  determination  of  the  elastic  limit  and  the  ultimate  strength 
(Fig.  37)  depends  upon  the  average  properties  of  a  considerable 
mass  of  material.  A  minute  defect,  such  as  a  nick  on  the  surface, 
an  incipient  crack  in  the  structure,  or  a  localized  stress  resulting 
from  heat  treatment,  will  not  in  general  affect  the  determination 
to  an  appreciable  extent.  On  the  other  hand,  such  a  localized  defect 
may  readily  act  as  a  nucleus  for  structural  damage  which,  under  re- 
peated stress,  spreads  in  the  form  of  minute  cracks  with  continued 
localized  stress  present  at  the  roots  of  these  cracks,  and  finally  causes 
failure. 

It  is  readily  conceivable  that  even  for  a  material  free  from  seri- 
ous flaws  non-homogeneity  of  structure  might  affect  resistance  to 
repeated  stress  to  a  much  greater  extent  than  it  does  static  strength. 
Consider  two  materials,  A,  made  up  of  strong  and  weak  crystals 
with  a  large  preponderance  of  strong  crystals,  and  B,  made  up  of 
crystals  all  alike,  and  all  somewhat  weaker  than  the  strong  crystals 
of  A.  It  seems  quite  possible  that  material  A  will  give  higher  elastic 
strength  under  static  tests  and  lower  strength  under  repeated  stress 
than  material  B.     Such  might  well  be  the  case  for  the  chrome-nickel 
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steel  with  heat  treatment  A  as  compared  with  the  troostitic  0.93 
carbon  steel,  the  former  corresponding  to  material  A,  and  the  latter 
to  material  B. 

Fig.  25,  which  shows  the  S-N  curves  for  the  three  heat  treatments 
of  steel  No.  5,  chrome-nickel,  is  especially  interesting.  By  referring 
to  Table  3  it  will  be  seen  that  treatment  A  gives  the  highest  ultimate 
strength  and  proportional  elastic  limit;  treatment  B  is  about  15  per 
cent  lower,  yet  the  endurance  limit  is  almost  as  high  as  with  treat- 
ment A.  Treatment  C  gives  a  low  proportional  elastic  limit  com- 
pared with  the  other  two  treatments,  yet  the  endurance  limit  is 
actually  a  little  higher  than  that  for  treatment  B  and  almost  as 
high  as  that  for  treatment  A.  This  is  particularly  interesting  in 
view  of  the  fact  that  the  proportional  elastic  limit  of  material  with 
treatment  C  is  low  compared  with  its  yield  point,  and  that  the 
tension  stress-deformation  curve  shows  considerable  permanent  set 
below  the  yield  point.  On  the  basis  of  mechanical  hysteresis  it 
would  ordinarily  be  expected  that  a  material  which  showed  consider- 
able permanent  set  would  probably  be  poor  in  resisting  fatigue.  This 
does  not  seem  to  be  the  case  for  treatment  C  of  the  chrome-nickel 
as  compared  with  the  other  two  treatments. 

One  rather  remarkable  result  is  indicated  by  Fig.  37.  Com- 
putation from  values  given  in  the  figure  shows  that  the  ratio  of  the 
computed  stresses  at  the  endurance  limit  to  the  proportional  elastic 
limit  of  the  0.02  carbon  steel  was  almost  1.5,  and  the  endurance  limit 
was  actually  33  per  cent  higher  than  the  average  yield  point  in  ten- 
sion and  compression.  This  result  may  at  first  appear  impossible, 
and  it  is  believed  that  it  would  be  impossible  in  reversals  of  direct 
tensile  and  direct  compressive  stress,  but  it  must  be  recalled  that 
the  endurance  limit  here  mentioned  was  obtained  from  a  rotating- 
beam  test.  Evidently  the  inner  fibers  of  the  beam,  which  are  not 
stressed  as  highly  as  those  on  the  outside  surface,  reinforce  the  outer 
fibers  sufficiently  so  that  the  nominal  stress  calculated  is  actually 
higher  than  the  yield  point  of  the  material.  Of  course  the  outer 
fibers  are  actually  stressed  only  to  the  yield  point,  but  evidently 
enough  of  the  inner  fibres  are  sufficiently  stressed  so  that  the  resist- 
ing moment  of  the  beam  is  increased  to  about  33  per  cent  above  that 
based  upon  the  yield  point.  While  the  above  is  an  explanation  of 
the  possibility  of  the  result  it  does  not  make  the  result  less  remark- 
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able,  especially  in  view  of  the  fact  that  only  one  other  steel,  the  0.93 
carbon,  gave  an  endurance  limit  even  approximately  equal  to  the 
proportional  elastic  limit  of  the  material,  as  is  clearly  shown  in 
Fig.  37.  This  result  is  called  remarkable  not  because  of  the  high 
endurance  limit  developed  (the  endurance  limit  of  the  0.02  carbon 
steel  was  the  lowest  of  all  the  steels  tested)  but  merely  because  of 
the  high  ratio  of  endurance  limit  to  proportional  elastic  limit  and 
to  yield  point,  and  because  it  is  believed  that  so  high  a  ratio  has  not 
been  observed  before. 

It  seems  clear  that,  in  any  case,  the  endurance  limit  for  steel 
can  be  no  higher  than  its  yield  point.  That  is  to  say,  the  actual  unit 
stress  existing  in  fatigue  is  limited  to  the  yield  point,  although  the 
nominal  calculated  stress,  as  in  the  case  of  the  0.02  carbon  steel, 
may  sometimes  be  higher  than  the  yield  point. 

This  matter  has  been  dwelt  upon  at  length  because  it  may  offer 
a  clue  to  a  quality  necessary  in  a  steel  to  produce  a  high  ratio  of 
endurance  limit  to  proportional  elastic  limit.  Apparently  the  only 
quality  possessed  by  the  0.02  carbon  steel  which  offers  an  adequate 
explanation  of  the  above  phenomenon  was  its  great  homogeneity. 
This  steel  was  almost  pure  ferrite,  while  all  the  other  steels  were 
made  up  of  several  constituents.  The  only  other  steel  which  showed 
an  endurance  limit  higher  than  the  proportional  elastic  limit  was 
the  0.93  carbon  pearlitic  steel.  When  the  steel  is  made  up  all  of 
pearlite  or  all  of  ferrite  the  ratio  of  endurance  limit  to  proportional 
elastic  limit  is  high.  It  seems  to  the  writers  that  perhaps  one  of 
the  qualities  to  be  desired  in  order  to  get  a  high  ratio  of  endurance 
limit  to  proportional  elastic  limit  may  be  homogeneity  of  structure. 

From  the  test  data  given  in  Appendix  A  it  appears  that  anneal- 
ing various  grades  of  steel  gives  a  high  ratio  of  endurance  limit  to 
proportional  limit.  It  would  seem  reasonable  that  either  homogene- 
ity of  metallographic  structure  or  freedom  from  internal  strains 
(such  freedom  as  would  be  brought  about  by  thorough  annealing) 
should  tend  to  give  a  high  ratio  of  endurance  limit  to  proportional 
limit. 

It  does  not  seem  likely  that  ductility,  as  shown  by  percentage 
of  reduction  of  area  and  by  percentage  of  elongation,  will  have  much 
bearing  on  the  strength  in  fatigue.  These  quantities  are  based  upon 
the  action  of  a  bar  as  a  whole  and  in  ductile  materials  are  largely 
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dependent  npon  the  final  necking  down  after  the  ultimate  has  been 
reached.  In  fatigue  failures  there  is  no  necking  down,  hut  the  ma- 
terial fails  as  though  it  were  brittle.  Furthermore,  the  action  in 
fatigue  is  extremely  local  and  does  not  involve  a  large  portion  of 
the  bar.  A  study  of  Table  3  will  show  the  basis  for  the  foregoing 
statements.  The  0.93  carbon  troostitic  steel,  for  instance,  shows  low- 
elongation  and  reduction  of  area,  but  a  high  endurance  limit  and  a 
high  ratio  of  endurance  limit  to  proportional  elastic  limit. 

It  has  been  suggested  by  various  investigators  that  the  use  of 
very  delicate  instruments  for  measuring  deformation  might  enable 
an  experimenter  to  detect  in  a  static  test  the  minute  fractures  which 
are  supposed  to  occur  at  the  endurance  limit.  An  apparatus  of 
great  delicacy  has  been  developed  by  Mr.  W.  J.  Francke  of  New 
Brunswick,  New  Jersey,*  who  has  tested  in  his  laboratory  specimens 
of  several  of  the  steels  studied  in  this  investigation.  The  results 
in  Table  5  showing  the  "FR"  point  determined  in  the  Francke  test 
indicate  that  the  stress  corresponding  to  this  "FR"  point  coincides 
quite  closely  with  the  endurance  limit  in  some  cases,  but  not  so 
well  in  others.  More  information  will  be  necessary  to  determine 
the  value  of  the  Francke  test  as  a  criterion  of  fatigue  strength. 

17.  Correlation  of  Results  of  Hardness  Tests  and  of  Impact 
Tests  With  Results  of  Reversed-Stress  Tests. — The  results  of  the 
Charpy  impact-bending  tests,  the  Charpy  impact-tension  tests,  and 
the  repeated-impact  tests  indicate  that  the  results  of  the  impact  tests 
made  cannot  be  used  as  a  criterion  of  fatigue  strength.  Fig.  38, 
in  which  the  plan  of  plotting  results  is  similar  to  that  used  in  Fig. 
37,  makes  this  clear.  The  results  of  these  impact  tests  bear  no  con- 
sistent relation  to  the  endurance  limits  for  the  various  steels. 

Fig.  38  shows  on  the  other  hand  a  quite  consistent  relation 
between  Brinell  hardness  and  endurance  limit.  Withi?i  the  range  of 
the  materials  tested  in  this  investigation  it  would  seem,  therefore, 
that  the  Brinell  hardness  test  may  prove  to  be  valuable  in  predict- 
ing the  approximate  value  of  the  endurance  limit.  This  approximate 
value  could  then  be  checked  by  fatigue  bending  tests  on  a  number 
of  specimens  not  exceeding  a  value  of  10  000  000  cycles  of  stress. 
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By  this  procedure  the  endurance  limit  of  a  steel  could  be  determined 
in  a  comparatively  short  time. 

It  seems  significant  that  the  elastic  properties  of  a  material 
should  be  so  unreliable  as  criteria  of  fatigue  strength,  while  the 
Brinell  hardness  is  fairly  satisfactory.  The  point  to  be  emphasized 
is  that  the  Brinell  hardness  test  is  an  empirical  test  which  stresses 
the  material  beyond  its  proportional  elastic  limit  and  gives  it  a 
permanent  deformation.  Perhaps  the  endurance  limit  in  bending 
bears  some  relation  to  the  properties  which  a  material  has  when  its 
elastic  limit  has  been  exceeded  and  the  metal  is  in  a  plastic  con- 
dition. The  writers  offer  no  explanation  other  than  that  of  an  em- 
pirical relation.  Without  further  investigation  the  Brinell  test 
should  not  be  regarded  as  reliable  for  determining  the  endurance 
limit  for  non-ferrous  metals,  nor  for  determining  the  endurance  limit 
for  steel  with  "snowflakes"  or  other  mechanical  defects. 

The  "rise  of  temperature"  test  (Chapter  V)  is  a  short-time 
test  for  endurance  limit  which  gave  more  accurate  results  than  did 
the  Brinell  test,  and  which,  moreover,  seems  to  have  a  more  logical 
basis. 

Both  the  Brinell  test  and  the  "rise  of  temperature"  test  may 
be  used  as  non-destructive  tests  on  parts  of  machines  and  structures. 

18.  Accelerated  Methods  of  Determining  Endurance  Limit. — 
The  basic  tests  used  in  this  investigation  for  determining  the  endur- 
ance limit  are  believed  to  involve  the  accurate  measurement  of 
number  of  reversals  of  definite' y  known  stresses.  These  tests  are, 
however,  time  consuming.  While  the  endurance  limit  of  steel  may 
be  determined  by  tests  running  no  higher  than  10  000  000  repetitions, 
several  days  must  be  consumed  in  making  such  a  determination. 
Various  accelerated  tests  have  been  proposed  for  determining  the 
endurance  limit.  Among  these  may  be  mentioned  impact  tests,  re- 
peated-impact tests,  short-time  tests  under  repetitions  of  high  stress, 
magnetic  tests,  and  tests  in  which  the  rise  of  temperature  caused  by 
repeated  stress  is  measured. 

Impact  tests  under  a  single  blow  are  frequently  made,  usually 
on  flexure  specimens  which  have  been  notched  so  that  complete  rup- 
ture will  occur  (Charpy,  Izod,  or  other  "notched-bar"  tests).  The 
action  of  a  single  impact  is  widely  different  from  that  of  repeated 
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stress;  both  impact  tests  and  repeated  stress  tests  do,  however,  em- 
phasize the  influence  of  local  defects.  No  correlation  could  be 
observed  between  the  results  of  reversed-stress  tests  in  this  investiga- 
tion and  the  results  of  single-blow  impact  tests. 

Repeated-impact  tests  are  sometimes  made  upon  flexure  speci- 
mens notched  to  localize  failure,  using  a  few  hundred  light  blows 
in  place  of  one  heavy  blow.  In  this  class  are  tests  on  a  "Stanton" 
machine  or  one  similar  in  principle.  These  tests  would  seem  to  be 
a  somewhat  arbitrary  compromise  between  a  single-blow  impact  test 
and  a  repeated-stress  test,  and  it  is  not  possible  to  measure  the  stress 
set  up  in  the  notched  bars  used.  The  repeated-impact  tests  made 
in  this  investigation  used  a  rather  heavy  blow  for  the  size  of  speci- 
men. The  results  of  these  repeated-impact  tests  failed  to  show  any 
correlation  with  the  results  of  the  reversed-stress  tests. 

Short-time  repeated-stress  tests  under  high  stresses  have  fre- 
quently been  made  and  have  given  values  for  comparison,  either 
on  the  basis  of  a  constant  stress  and  relative  endurance  of  two  steels, 
or  on  the  basis  of  relative  magnitude  of  stress  corresponding  to  a 
given  endurance.  The  results  of  the  present  investigation,  and  of 
some  other  investigations,  seem  to  indicate  that  short-time,  high- 
stress  tests  do  not  always  give  results  corresponding  to  long-time, 
low-stress  tests.  This  is  illustrated  by  a  comparison  of  the  S-N  dia- 
grams for  cold-drawn  steel  (Fig.  27)  with  the  S-N  diagram  for  1.20 
carbon  steel  normalized  (Fig.  24).  Comparing  the  values  of  N  for 
a  value  of  S  of  60  000  pounds  per  square  inch,  the  cold-drawn  steel 
would  seem  the  more  resistant  to  repeated  stress;  comparing  the 
values  of  N  for  a  value  of  S  of  45  000  pounds  per  square  inch,  the 
cold-drawn  steel  fails  after  about  1000  000  cycles  of  stress  while 
the  1.20  carbon  normalized  withstands  100  000  000  cycles  without 
failure.  Further  discussion  of  such  tests  is  given  in  Appendix  A. 
Magnetic  tests  to  detect  microscopic  incipient  fractures  de- 
veloped under  repeated  stress  hold  some  promise  of  success,  but  are 
applicable  only  to  ferrous  metals.  This  test  has  not  been  thoroughly 
developed  so  far  as  the  writers  are  aware,  but  promising  preliminary 
results  have  been  obtained  by  Dr.  C.  W.  Burrows  of  New  York,  and 
by  Mr.  R.  L.  Sanford  of  the  United  States  Bureau  of  Standards. 

A  study  of  the  rise  of  temperature  produced  after  a  few  hun- 
dred repetitions  of  stress  has  been  proposed  by  various  investigators, 
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and  especially  by  Mr.  C.  E.  Stromeyer  of  Manchester,  England,  who 
made  a  preliminary  experimental  investigation  of  this  test.  This 
test  has  been  given  special  study  in  the  present  investigation  and 
the  results  of  that  study  are  given  in  detail  in  Chapter  V  by  Messrs. 
Putnam  and   Harsch. 

19.  Effect  of  Cold  Work  on  Fatigue  Strength. — The  upper 
half  of  Pig.  27  shows  the  S-N  curves  for  Steel  No.  51,  which  was 
received  in  the  form  of  hot-rolled,  half-inch,  reinforcing  bars.  Part 
of  this  material  was  tested  as  received,  part  was  stretched  in  tension 
until  the  diameter  had  been  reduced  to  0.48  inch,  part  had  the  di- 
ameter reduced  in  the  same  way  to  0.44,  and  part  was  bent  cold 
through  45  degrees  and  straightened.  The  cold  stretching  was  such 
that  the  material  reduced  to  0.48  inch  was  stressed  to  a  point  between 
the  yield  point  and  ultimate.  The  material  reduced  to  0.44  inch 
was  stressed  up  to  the  ultimate  and  was  about  to  neck  down.  In 
each  case  after  the  material  had  been  cold  worked  it  was  raised  to  a 
temperature  of  500  degrees  F.  and  held  there  for  15  minutes,  so 
that  it  might  recover  its  elasticity  rapidly.  The  tension  test  results, 
which  were  determined  from  specimens  ^4  inch  in  diameter  taken 
from  the  ends  of  the  rotating-beam  specimen,  are  shown  in  Table  3. 
The  specimens  for  the  rotating-beam  machine  were  prepared  in  the 
standard  manner. 

Fig.  27  shows  that  the  cold  bending  raised  the  endurance  limit 
slightly,  about  7  per  cent.  The  cold  stretching  raised  the  endurance 
limit  in  the  first  case  about  25  per  cent,  and  in  the  second  case  about 
46  per  cent.  The  cold  stretching  in  the  above  two  cases  raised  the 
proportional  elastic  limit  about  57  and  82  per  cent,  respectively; 
and  the  ultimate  about  10  and  19  per  cent,  respectively.  The  en- 
durance limit  is  therefore  influenced  to  a  much  smaller  degree  by 
cold  stretching  than  is  the  proportional  elastic  limit. 

The  lower  half  of  Fig.  27  shows  the  S-N  curves  for  Steel  No. 
50,  received  in  the  form  of  7/16  round  bars.  Some  of  this  material 
was  tested  as  received,  some  after  annealing  at  1300  degrees  F., 
and  some  after  annealing  at  1550  degrees  F.  Taking  the  material 
annealed  at  1550  degrees  F.  as  a  standard,  the  endurance  limit  for 
the  1300  degrees  F.  annealing  is  16  per  cent  higher,  although  this 
value  is  somewhat  in  doubt,  and  that  of  the  material  as  received  is 
64  per  cent  higher. 
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The  tension  test  values  in  Table  3  show  that  the  results  after 
annealing  at  1300  degrees  F.  are  about  the  same  as  after  annealing 
at  1550  degrees  F. ;  but  the  results  for  the  material  as  received  are 
higher  than  those  for  the  material  annealed  at  1550  degrees  F.  by 
97  per  cent  and  49  per  cent  for  the  proportional  elastic  limit  and 
ultimate  strength,  respectively.  These  last  results  again  show  that 
the  endurance  limit  is  not  affected  by  cold  work  to  the  same  degree 
as  is  the  proportional  elastic  limit. 

The  results  on  Steel  No.  50  bear  out  the  results  found  by  previ- 
ous investigators.  There  is  practical  unanimity  in  the  statement 
that  annealing  reduces  the  fatigue  strength. 

The  results  on  Steel  No.  51  contradict  the  results  previously 
found  by  Moore  and  Putnam.*  Although  they  did  not  continue  the 
tests  to  a  sufficiently  high  number  of  cycles  of  stress  to  determine  the 
endurance  limit,  yet  their  curves  show  clearly  that  cold  stretching 
reduces  the  strength  in  fatigue. 

There  is  a  possible  explanation  for  the  contradiction.  Moore 
and  Putnam  used  flat  fatigue  specimens  prepared  for  the  Upton- 
Lewis  reversed-bending  machine.  The  specimens  were  cold  stretched 
and  then  tested  without  having  the  surface  finished  in  any  way.  In 
the  present  tests  the  material  was  cold  stretched,  then  the  rotating- 
beam  specimens  had  their  diameter  reduced  by  the  standard  radius 
of  9.85  inches  from  0.48  and  0.44  inch  to  0.30  inch,  and  the  surface 
was  given  the  standard  polish.  It  is  believed  that  the  removal  of 
the  outside  material  and  the  polishing  of  the  surface  account  for  the 
difference.  It  is  well  known  that  a  specimen  stretched  beyond  its 
yield  point  has  its  surface  roughened,  and  it  is  highly  probable  that 
this  surface  is  a  source  of  weakness  in  fatigue  in  that  it  is  probably 
covered  with  minute  cracks  which  are  nuclei  for  the  spreading  of 
structural  damage. 

20.  Effect  of  Shape  of  Specimen  on  Endurance. — One  of  the 
factors  known  to  influence  the  endurance  of  a  metal  under  repeated 
stress  is  a  sudden  change  in  cross-section.  Stanton  and  Bairstowf 
have  shown  that  specimens  with  Whitworth  screw  threads,  and  also 
those  with  square  shoulders  plus  a  small  fillet,  suffer  a  reduction  in 
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endurance  strength  of  about  30  per  cent  for  hard  steel,  for  soft  steel, 
and  for  wrought  iron,  while  specimens  with  square  shoulders  suffer 
a  reduction  of  about  50  per  cent  for  hard  steels  and  from  35  to  45 
per  cent  for  mild  steels  and  for  wrought  iron.  Eden,  Rose,  and 
Cunningham*  found  that  a  sharp  V-notch  reduced  the  endurance 
strength  of  bright  drawn  mild  steel  about  25  per  cent.  Square 
shoulders  reduced  the  strength  of  both  hard  and  soft  steels  by  40 
per  cent,  while  keyways  at  flange  couplings  reduced  the  strength 
of  steel  by  50  per  cent,  and  the  strength  of  wrought  iron  by  23  per 
cent.  Wohlerf  found  in  some  tests  on  axle  steel  stressed  from  zero 
to  a  maximum  in  repeated  tension  that  specimens  with  square  shoul- 
ders as  compared  with  specimens  having  well-rounded  shoulders  had 
their  strength  reduced  about  37  per  cent.  On  rotating-beam  speci- 
mens of  wrought  iron  the  reduction  of  strength  due  to  square  shoul- 
ders ranged  from  11  to  22  per  cent. 

In  the  present  investigation  some  tests  were  run  on  the  effect 
of  shape  of  specimen  on  fatigue  strength,  especially  on  the  effect  of 
radius  of  fillet,  Steel  No.  10  (0.49  carbon)  in  the  sorbitic  condition 
was  used  in  making  the  first  series  of  these  special  tests.  The  shapes 
of  the  specimens  are  shown  in  Fig.  39,  the  cross-section  being  re- 
duced by  a  9. 85-inch  radius,  by  a  1-inch  radius,  by  a  Vi-bich  radius, 
by  square  shoulders,  and  by  a  90  deg.  V-notch,  respectively.  In  each 
case  enough  specimens  were  tested  to  determine  the  endurance  limit 
quite  definitely. 

Fig.  28  shows  the  S-N  curves  for  these  tests.  Fig.  26  should 
also  be  consulted  because  it  gives  the  S-N  curve  for  the  0.49  carbon 
steel  when  finished  with  a  standard  radius  of  9.85  inches.  It  should 
be  explained  that  the  material  used  for  these  tests  was  heat  treated 
in  two  batches,  and  it  was  observed  that  the  specimens  from  the  first 
batch  gave  an  endurance  limit  of  about  50  500  pounds  per  square 
inch  (for  specimens  with  standard  surface  finish)  ;  while  specimens 
from  the  second  batch  gave  an  endurance  limit  of  about  48  000  pounds 
per  square  inch.  The  specimens  with  ^4-inch  radius  and  most  of 
the  specimens  with  square  shoulders  were  from  the  first  batch,  while 
the  specimens  with  1-inch  radius  and  those  with  the  V-notch  were 
from  the  second  batch.    The  results  shown  for  the  standard  specimen 


*Inst.  of  Mech.  Engrs.    (British),   1911,   III-IV,   p.  839. 
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in  Fig.  26  are  from  both  batches.  Specimens  with  a  1-inch  radius 
are  evidently  almost  as  good  in  resisting  fatigue  as  those  with  a  9.85- 
inch  radius.  The  14-inch  radius  shows  a  reduction  in  endurance 
limit  as  compared  with  the  9.85-inch  radius  of  about  8  per  cent ; 
the  square  shoulders  show  a  reduction  in  fatigue  strength  of  about 
51  per  cent;  and  the  V-notch  a  reduction  of  about  60  per  cent. 

Fig.  28  shows  some  effects  of  shape  of  specimen  using  Steel  No.  9, 
0.02  carbon,  a  very  ductile  steel.  Fig.  26  shows  the  results  for  this 
steel  with  the  standard  specimen.  For  the  specimens  with  14-inch 
radius  the  endurance  limit  is  reduced  about  15  per  cent,  and  for 
specimens  with  square  shoulders,  about  48  per  cent. 

The  results  on  specimens  of  0.02  carbon  steel  together  with  the 
results  on  specimens  of  0.49  carbon  steel  indicate  that  the  percent- 
age of  reduction  of  endurance  limit  due  to  the  effect  of  abrupt  change 
of  section  is  about  the  same  for  the  two  steels. 
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These  results  indicate  the  importance  of  avoiding  ahrupt  changes 
of  section  in  members  of  machines  which  are  to  be  subjected  to  re- 
peated stresses.  Whenever  a  change  of  section  is  necessary  generous 
fillets  should  be  provided  at  all  shoulders. 

A  further  factor  in  the  effect  of  form  of  specimen  which  might 
well  be  the  subject  of  investigation  is  the  effect  of  a  fillet  with  a 
given  radius  with  various  ratios  of  maximum  diameter  of  shaft  to 
reduced  diameter. 

21.  Effect  of  Surface  Finish. — The  condition  of  the  surface  of 
a  specimen  has  been  shown  to  have  a  considerable  influence  on  its 
fatigue  strength.  Eden,  Rose,  and  Cunningham*  found  that  polished 
specimens  of  mild  steel  which  had  their  surfaces  scratched  with  an 
ordinary  sewing  needle  suffered  an  appreciable  reduction  in  fatigue 
strength.  Specimens  of  Bessemer  steel  with  a  turned  surface  showed 
a  fatigue  strength  about  18  per  cent  lower  than  specimens  of  the 
same  material  which  had  been  turned  and  polished.  Sonderickerf 
found  that  a  rotating-beam  specimen  of  soft  steel  with  a  groove  0.003 
ineh  deep,  cut  with  a  diamond  point,  had  its  fatigue  strength  re- 
duced by  40  per  cent.  In  some  tests  in  which  annealed  cold-rolled 
steel  was  stressed  in  reverse  bending  beyond  the  yield  point,  Kom- 
mersj  found  that  specimens  which  had  been  turned  in  a  lathe  and 
specimens  which  had  been  turned  and  then  filed  had  their  endurance 
reduced  30  and  18  per  cent  respectively,  as  compared  with  specimens 
which  had  been  turned,  filed,  and  polished.  In  the  last  named  tests 
endurance  was  measured  by  the  number  of  cycles  of  stress  before 
rupture. 

In  order  to  study  the  effect  of  surface  finish  on  the  endurance 
strength  of  steel,  five  different  series  of  specimens  were  prepared. 
Steel  No.  10,  0.49  carbon  sorbitic,  was  used  for  the  first  series. 

The  five  degrees  of  finish  were:  first,  the  standard  finish,  made 
with  No.  0  and  No.  00  emery  cloth;  second,  a  high  polish  in  which, 
after  using  No.  0  and  No.  00  emery  cloth,  the  specimens  were  polished 
with  emery  papers  Nos.  1,  0,  and  000,  and  finally  with  rouge  and 
broadcloth,  a  microscope  with  a  magnification  of  100  diameters  being 
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(  a  )     Rough  Turned  Finish 


(  b  )     Smooth  Turned  Finish 


(  c  )     Ground  Finish 


(  d  )     Standard  Finish 


(  e  )     Rouge  Finish 


Fig.  40.     Micrographs  of  Surface  Finish 

Magnification  30  diameters 


Fig.  41.     Micrograph  of  Surface  of  Eouge-Finished  Specimen 

Magnification  100  diameters 
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used  to  make  sure  that  all  scratches  were  removed;  third,  a  ground 
finish  obtained  with  a  grinding  wheel ;  fourth,  a  smooth-turned  finish 
with  a  lathe  tool;  and  fifth,  a  rough-turned  finish  with  a  lathe  tool. 
Fig.  40  shows  the  photographs,  under  a  magnification  of  30  diame- 
ters, of  the  five  degrees  of  finish.  Fig.  41  shows  the  rouge  finish 
under  a  magnification  of  100  diameters,  and  indicates  the  degree  to 
which  the  very  fine  scratches  were  removed. 

Fig.  29  shows  the  S-N  diagrams  obtained  with  four  of  these 
series.  Fig.  26  should  be  consulted  also,  since  it  shows  the  results 
obtained  with  the  standard  finish.  As  was  the  case  with  the  tests 
discussed  in  Section  20,  the  material  for  the  first  series  was  taken 
from  two  batches  of  steel,  heat  treated  at  two  different  times.  The 
first  batch  showed  an  endurance  limit  of  about  50  500  pounds  per 
square  inch  and  the  second  batch  an  endurance  limit  of  about  48  000# 
pounds  per  square  inch.  The  rouge-finish  specimens  were  taken  from 
the  first  batch,  the  rough-turned  were  taken  from  the  second  batch, 
while  the  ground  and  the  smooth-turned  were  taken  from  both 
batches,  as  were  the  specimens  with  standard  finish. 

The  S-N  curves  make  it  clear  that  the  rouge  finish  is  probably 
slightly  better  than  the  standard  finish  in  withstanding  fatigue.  The 
ground-finish  endurance  limit  is  slightly  lower  than  the  standard- 
finish,  and  the  smooth-turned  and  rough-turned  fall  below  the  ground- 
finish  in  the  order  named.  The  rough-turned  finish,  the  weakest, 
has  an  endurance  limit  about  18  per  cent  lower  than  the  rouge  finish. 
There  is  so  little  difference  between  the  rouge  finish  and  the 
standard  finish,  especially  in  view  of  the  fact  that  a  number  of  the 
standard-finish  specimens  of  the  first  batch  ran  out  to  10  000  000 
cycles  of  stress  without  failure  at  a  unit  stress  of  slightly  over  50  000 
pounds  per  square  inch,  that  it  is  felt  that  the  use  of  the  standard 
finish  is  fully  justified.  The  rouge  finish  was  of  course  very  expen- 
sive and  time  consuming,  and  is  difficult  to  maintain  free  from  cor- 
rosion ;  therefore  it  is  not  considered  practical. 

Fig.  29  shows  some  results  of  the  effect  of  surface  finish  on  speci- 
mens of  Steel  No.  9,  0.02  carbon,  a  very  soft  steel.  The  endurance 
limit  for  the  rough-turned  specimens  seems  to  be  slightly  less  than 
for  the  smooth-turned.  The  reduction  in  endurance  limit  of  the 
turned  specimens  as  compared  with  specimens  with  standard  finish 
(see  Fig.  26)  ranges  from  8  to  12  per  cent. 
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Comparing  the  results  of  tests  on  specimens  of  0.02  carbon  steel 
with  specimens  of  0.49  carbon  steel,  sorbitic,  it  is  seen  that  the  per- 
centage reduction  in  endurance  limit  due  to  smooth  turning  and  to 
rough  turning,  as  compared  with  the  standard  finish,  is  about  the 
same  for  the  two  steels. 

The  results  of  this  study  make  it  clear  that  the  finish  of  a  ma- 
chine member  subjected  to  fatigue  may  have  an  appreciable  effect 
on  its  endurance  strength.  It  also  appears  that  fine  grinding  would 
probably  be  satisfactory  as  a  commercial  finish. 

22.  Effect  of  Overstress. — From  the  standpoint  of  Bauschinger's 
theory  regarding  failure  due  to  fatigue,  and  also  from  the  fact  that 
in  practice  many  machine  members  subjected  to  fatigue  are  occa- 
sionally overstressed,  it  seemed  desirable  to  determine  whether  stress- 
ing a  material  above  its  endurance  limit  for  a  certain  number  of 
cycles  and  subsequently  testing  it  in  fatigue  in  the  usual  manner 
would  result  in  any  change  in  the  endurance  limit. 

The  material  used  in  this  study  for  the  first  series  of  tests  was 
Steel  No.   10,  0.49  carbon,  sorbitic. 

Six  different  combinations  of  overstress  and  number  of  cycles 
were  used.  The  endurance  limit  of  the  material  having  been  de- 
termined in  the  standard  manner  (See  Fig.  26),  about  12  specimens 
were  subjected  to  5000  cycles  of  stress,  the  unit  stress  used  being 
10  per  cent  higher  than  the  endurance  limit  previously  determined. 
After  this  treatment  the  specimens  were  tested  in  the  usual  manner 
with  varying  stresses  to  determine  whether  the  endurance  limit 
would  now  be  different.  In  the  same  manner  other  series  of  speci- 
mens were  tested  with  20,  29,  29,  35,  and  38  per  cent  of  overstress, 
the  number  of  cycles  of  applied  overstress  being  5000,  5000,  1000, 
1000,  and  100  respectively. 

The  material  for  these  tests,  just  as  was  the  case  in  the  previous 
section,  was  taken  from  two  batches  of  steel  heat  treated  at  two  dif- 
ferent times.  The  first  batch  showed  an  endurance  limit  of  about 
50  000  pounds  per  square  inch  and  the  second  batch  one  of  about 
48  000  pounds  per  square  inch.  The  specimens  subjected  to  10,  20, 
and  38  per  cent  overstress  were  taken  from  the  first  batch  of  steel, 
and  the  calculation  in  per  cent  of  their  endurance  limits  is  based 
upon  an  endurance  limit  of  50  500  pounds  per  square  inch.     Those 
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subjected  to  29  and  35  per  cent  overstress  were  taken  from  the  second 
batch,  and  the  percentage  calculation  is  based  on  48  000  pounds  per 
square  inch.  The  specimens  with  10,  20,  and  29  per  cent  overstress 
were  subjected  to  5000  cycles  of  overstress  at  1500  revolutions  per 
minute,  the  specimens  with  35  per  cent  overstress,  and  one  set  of  the 
29  per  cent  overstress  specimens  to  1000  cycles  at  1500  revolutions 
per  minute,  and  the  specimens  with  38  per  cent  overstress  to  100 
cycles  applied  slowly  by  hand. 

Fig.  30  shows  the  S-N  curves  obtained  from  these  experiments. 
Fig.  26  should  also  be  consulted  since  it  shows  the  curve  obtained 
for  this  material  when  there  was  no  overstress.  It  is  evident  from 
the  curves  that  10  per  cent  and  20  per  cent  overstress  applied  5000 
times,  29  per  cent  overstress  applied  1000  times,  and  38  per  cent 
overstress  applied  100  times  do  not  appreciably  reduce  the  endur- 
ance limit.  On  the  other  hand,  35  per  cent  overstress  applied  1000 
times  reduces  the  endurance  limit  about  4  per  cent,  while  29  per 
cent  overstress  applied  5000  times  reduces  the  endurance  limit  about 
11  per  cent. 

These  last  two  results  illustrate  clearly  the  effect  that  the  num- 
ber of  cycles  of  applied  overstress  has  on  the  percentage  reduction 
of  endurance  limit.  Such  a  result  is  of  course  to  be  expected,  be- 
cause it  is  evident  that  if  the  higher  stress  were  continued  it  would 
make  the  specimen  fail  at  a  stress  on  the  sloping  part  of  the  diagram 
in  Fig.  26.  Since,  however,  this  higher  stress  is  not  continued  up 
to  complete  failure,  it  seems  obvious  that  a  smaller  stress  would  take 
fewer  cycles  to  cause  failure  than  would  normally  be  the  case  had 
there  been  no  overstress.  A  few  calculations  indicate  that  the  amount 
which  the  endurance  limit  is  reduced  in  any  case  depends  upon  the 
ratio  of  the  number  of  cycles  of  overstress  to  the  total  number  of 
cycles  of  this  stress  which  would  cause  failure. 

The  results  for  the  specimens  with  20  and  38  per  cent  overstress 
indicate  that  a  machine  member  can  withstand  a  considerable  per- 
centage of  overstress  without  damage  if  that  overstress  is  applied 
only  a  comparatively  small  number  of  times,  and  if  the  overload  is 
not  severe  enough  to  make  actual  dents  or  nicks  in  the  surface  at 
points  of  localized  pressure. 

Fig.  31  shows  some  effects  of  overstress  on  specimens  of  steel 
No.  1,  1.20  carbon,  sorbitic,  subjected  to  a  stress  20  per  cent  above 
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the  normal  endurance  limit;  in  one  case  5000  cvcles  of  overstress 
were  applied,  and  in  the  other  case  10  000  cycles.  The  endurance 
limit  seems  to  be  slightly  lower  for  the  specimens  subjected  to  10  000 
cycles  of  overstress  than  for  the  specimens  subjected  to  5000  cycles 
and  the  reduction  of  endurance  limit  of  the  overstressed  specimens 
as  compared  with  material  not  subjected  to  overstress  ranges  from 
12  to  14  per  cent.  Fig.  24,  which  gives  the  results  for  this  material 
not  subjected  to  overstress,  should  be  consulted  for  comparison 

Comparing  the  results  for  5000  cycles  with  20  per  cent  over 
stress  f0r  the  0.49  carbon  steel,  sorbitic,  and  the  1.20"  carbon  tee" 
sorbitic,  it  is  evident  that  the  effect  of  overstress  in  reducing 
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By  the  use  of  the  microscope  all  metals  are  seen  to  be  of  a  crys- 
talline structure  under  all  service  conditions,  and  no  evidence  of 
appreciable  change  of  structure  can  be  observed  in  a  metal  sub- 
jected to  repeated  stress.  There  does  appear  to  be  a  breaking  down 
of  crystals  as  indicated  by  the  formation  of  minute  cracks  or  "slip 
bands"  extending  across  the  crystal.  The  crystallization  theory  has 
been  practically  abandoned. 

A  second  theory  was  that  advanced  by  the  distinguished  German 
investigator,  Bauschinger,*  that,  under  stress  varying  from  zero  to 
a  maximum,  it  is  possible  for  metals  to  acquire  new  elastic  limits 
which  for  this  range  of  stress  may  lie  anywhere  between  the  original 
proportional  elastic  limit  and  the  yield  point,  and  may  in  some  cases 
even  exceed  the  yield  point.  These  new  elastic  limits,  or  "natural"' 
elastic  limits,  as  he  called  them,  depend  upon  the  number  of  cycles 
of  stress  to  which  the  material  is  subjected,  being  higher  for  the 
greater  number  of  cycles.  For  stresses  within  this  natural  elastic 
limit  the  metal  is  assumed  to  possess  indefinite  endurance,  and  he 
found  experimentally  that  specimens  under  stresses  varying  from 
zero  to  a  maximum  would  withstand  several  million  repetitions  of 
stress  without  failure.  He  did  not,  however,  make  any  long-time 
tests  under  reversed  stress.  Bauschinger  's  theory  does  not  imply 
a  change  of  the  crystalline  structure  but  does  imply  some  change  in 
the  inherent  nature  of  the  material. 

The  writers  have  seen  very  few  published  experimental  results 
in  which  it  was  attempted  to  apply  Bauschinger 's  theory  to  reversed 
stresses.  Stanton  and  Bairstowt  mention  three  specimens  which  had 
withstood  1  000  000  cycles  of  stress  without  failure  and  which  were 
subsequently  tested  to  determine  their  elastic  limits.  These  speci- 
mens had  been  subjected  to  direct  stress  in  which  the  ratio  of  tension 
to  compression  was  1.4  to  1.  The  results  showed  that  in  each  case 
the  new  elastic  limit  was  practical^  equal  to  the  highest  tension  and 
compression  which  had  previously  been  applied,  although  these  new 
limits  were  very  much  lower  than  the  original  or  "primitive"  elastic 
limits. 


*"  Mittheilunseu  des  Mechanisch-teehnischen  Laboratoriums"  der  kgl.  Techn.  Hochschule. 
Miinchen,  heft  13 ; 

Dingier' s  Journal,  Bd.  224; 

Unwin,  "The  Testing  of  the  Materials  of  Construction.''      1910  edition.  Chap.  XVI 

tlnst.  of  Civil  Eners.  (British).   Vol.   OLXVI.   IV.   p.   78.   1905-6 
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Popplewell*  determined  the  natural  elastic  limits  by  only  10 
cycles  of  reversed  direct  stress  and  then  attempted  to  check  these 
values  by  rotating-beam  tests.  His  natural  elastic  limits  were  lower 
than  the  primitive  elastic  limits,  and  the  endurance  limits  from  the 
rotating-beam  tests  were  about  equal  to  the  primitive  elastic  limits. 
It  seems  to  the  writers  that  the  check  tests  should  have  been  made 
with  a  direct-stress  machine  instead  of  a  rotating-beam,  and  it  also 
seems  questionable  whether  10  cycles  of  stress  would  be  enough  to 
develop  Bauschinger's  natural  elastic  limits. 

A  series  of  tests  to  throw  light  on  this  matter  is  discussed  in 
Section  36,  ''Effect  of  Repeated  Understressing. " 

A  third  theory  has  been  suggested  by  various  investigators,  and 
was  developed  by  the  writers,  who  afterwards  found  that  it  had  been 
previously  elaborated  by  Gilchrist,  t  This  theory,  while  not  directly 
contradictory  to  that  of  Bauschinger,  presents  a  different  picture  of 
the  mechanism  of  fatigue  failure. 

In  discussing  Wohler's  results  Gilchrist  has  stated  this  theory 
as  follows: 

"(1)  The  average  stress  in  the  bars  broken  in  Wohler's  machines  did 
not  reach  the  statical  breaking  load. 

"(2)  The  fracture  was  caused  by  the  statical  breaking  limit  being  ex- 
ceeded at  one  point  only,  from  which,  when  once  started,  rupture  spread,  at 
first  rapidly,  then  more  slowly,  sometimes  continuing  to  complete  separation  of 
the  two  parts  of  the  bar,  but  occasionally   stopping   short  of  complete  rupture. 

"(3)  The  raising  of  the  stress  at  the  point  where  fracture  commenced 
was  due  to  an  irregularity  in  the  bar.  This  might  be  an  irregularity  or  dis- 
continuity in  the  metal,  either  on  the  surface  or  in  the  body  of  the  bar.t 

"(4)  A  bar  of  uniform  strength  whose  surface  was  perfectly  smooth, 
with  no  sharp  corners  in  the  longitudinal  configuration  and  the  structure  of 
which  was  perfectly  homogeneous  would  endure,  without  breaking,  an  indefinite 
number  of  repetitions  of  a  stress  varying  between  zero  and  a  value  near  to  the 
breaking  strength. 


*Inst.  of  Civil  Engrs.  (British),  Vol.  CXCVII,   III,   p.  264,   1913-14. 

tThe  Engineer  (London),  Vol.  90,  p.  203. 

t  The  frequent  occurrence  of  high  localized  stress  which  is  usually  overlooked  in  using 
the  ordinary  methods  of  computation  is  strikingly  demonstrated  by  the  mathematical  work 
of  Inglis  and  others,  and  by  the  experimental  work  of  Coker  and  Preuss.     See: 

Trans.  Inst,  of  Naval  Architects  (British),  Vol.  LV,  Part  I,  p.  219,   1913; 

Engineering,  London,  April  21,  1911,  and  March  8,  1912; 

Zeit.  des  Ver.  Deut.  Ing.,  1913,  Part  1,  p.  664; 

"Johnson's  Materials  of  Construction."      Fifth   Edition,  p.  663. 
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"(5)  A  bar  similar  to  that  under  (4)  could,  under  certain  conditions, 
endure  an  indefinite  number  of  repetitions  of  a  load  varying  between  tension 
and  compression  of  equal  values  both  beyond  the  ordinary  primitive  elastic 
limits. ' ' 

The  writers  agree  in  general  with  the  foregoing  statements,  but, 
on  account  of  the  fact  that  a  perfectly  homogeneous  material  is  not 
likely  to  be  found  for  engineering  purposes,  they  believe  that  the 
limitations  of  statement  (4)  as  applied  to  ordinary  metals  should 
be  set  forth  for  the  sake  of  clearness.  It  appears  to  them  that  the 
practical  limit  even  for  the  case  of  stress  varying  from  zero  to  a 
maximum  will  be  the  yield  point  of  the  material. 

This  theory  may  be  called  the  theory  of  non-homogeneity  or 
of  localized  stress.  The  effect  of  external  non-homogeneity  due  to 
scratches,  tool  marks,  square  shoulders,  and  notches  is  well  known 
and  is  discussed  in  another  section  of  this  bulletin.  Internal  non- 
homogeneity  may  be  due  to  blow -holes,  pipes,  inclusion  of  slag,  ir- 
regularity of  crystalline  structure  on  account  of  the  presence  of  two 
or  more  constituents  of  varying  strength,  variation  in  orientation 
of  crystals,  or  the  presence  of  initial  stresses  caused  by  mechanical 
working  or  heat  treatment.  Owing  to  the  minute  area  over  which  it 
exists,  this  localized  stress  produces  no  appreciable  effect  under  a 
single  load,  but  under  load  repeated  many  times  there  is  started 
from  this  area  a  microscopic  crack,  at  the  root  of  which  there  exists 
high  localized  stress  which  under  repetition  of  stress  spreads  until 
it  finally  causes  failure. 

The  writers  do  not  look  upon  these  fatigue  failures  as  being  due 
necessarily  to  accidental  flaws  or  irregularities.  Such  failures  may, 
in  practice,  often  be  due  to  such  causes,  but  the  definiteness  of  the 
endurance  limits  found  in  the  present  tests  points  to  the  conclusion 
that  the  endurance  limit  is  a  property  of  the  material  just  as  much  as 
the  ultimate  strength.  If  in  these  tests  the  failure  is  due  to  flaws, 
then  it  is  believed  that  these  flaws  are  an  inherent  part  of  the  struc- 
ture of  the  particular  steel  which  is  being  tested. 

As  evidence  supporting  this  theory  the  following  facts  are  given : 

(1)  In  the  case  of  material  of  homogeneous  structure,  such 
as  a  specimen  of  0.02  carbon  steel,  which  is  almost  pure  ferrite,  or 
a  specimen  of  0.93  carbon  steel,  which  is  almost  pure  pearlite,  it  is 
found   possible  to   develop  an   endurance   strength   nearly   or   quite 
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equal  to  the  primitive  elastic  limit.     This  is  a  direct  verification  of 
(5)  in  Gilchrist's  theory. 

(2)  In  the  case  of  steels  composed  of  a  mixture  of  ferrite  and 
pearlite  the  endurance  limit  is  found  below  the  primitive  elastic 
limit,  indicating  to  the  writers'  minds  a  progressive  failure,  first  of 
the  weaker  constituent,  then  of  the  stronger.* 

(3)  Mathematical  analysis,  special  measurement  of  stress  dis- 
tribution, and  repeated-stress  tests  of  specimens  with  notches  and 
specimens  with  rough  surface  finish  all  indicate  how  important  me- 
chanical imperfections  in  surface  may  be  in  increasing  localized 
stress  and  hence  in  reducing  fatigue  strength.  There  would  seem 
to  be  no  reason  for  doubting  that  internal  non-homogeneity  produces 
a  similar  effect. 

The  actual  mechanism  of  fatigue  failure  has  not  been  studied 
for  a  great  variety  of  steel  structures.  It  is  known  that  in  the  softer 
steels  the  failure  seems  to  be  due  to  the  production  of  slip  bands 
(see  Appendix  B)  which  finally  develop  into  cracks.  For  a  very 
homogeneous  material  like  0.02  carbon  steel  it  seems  probable  that 
a  certain  unit  stress  will  be  sufficient  to  cause  slipping  in  the  gliding 
planes  of  the  crystals.  Thereafter,  the  adjacent  material  will  begin 
to  slip  under  succeeding  repetitions  of  stress  until  all  the  other 
material  has  yielded  the  same  amount.  This  action  will  continue 
until  the  first  material  has  reached  the  ultimate  strength  and  actually 
opened  up  a  crack.  From  then  on  the  action  will  be  rapid  and  failure 
will  occur  soon. 

Just  what  happens  in  a  material  like  the  chrome-nickel,  treat- 
ment A,  in  which  the  endurance  limit  is  very  much  below  the  pro- 
portional elastic  limit  is  not  altogether  clear.  It  is  likely  that  non- 
homogeneity  and  especially  the  presence  of  internal  stresses  play  an 
important  part. 


*  It  should  be  borne  in  mind  that  localized  weakness  may  be  caused  by  strains  due  to 
heat  treatment  as  well  as  by  non-uniformity  of  metallogTaphic  structure.  Tests  reported 
verbally  by  D.  J.  McAdam,  of  the  U.  S.  Naval  Academy  Eng.  Exp.  Sta.,  indicate  that 
thorough  annealing  as  well  as  homogeneity  of  structure  seems  to  be  effective  in  giving  a 
high  ratio  of  endurance  limit  to  proportional  elastic  limit.  This  is  further  confirmed  by 
test  results  on   annealed   steel   of  various  carbon   contents   as  shown  by  Fig.   44   and   Table   10 
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V.     "Rise  of  Temperature"  Method  of  Determining 

Endurance  Limit 

By  W.  J.  Putnam  and  J.  W.  Harsch* 

24.  Thermal  Phenomena  in  Metals  Under  Stress. — The  de- 
termination of  endurance  limit  by  the  actual  application  of  repeated 
stress,  by  a  test  on  a  rotating-beam  testing  machine,  for  example, 
requires  so  much  time  that  it  is  not  a  practical  commercial  test  and 
various  other  methods  have  been  tried,  such  as  the  examination  of 
the  hysteresis  loop,  magnetic  exploration,  and  ealorimetric  determi- 
nation. 

The  fact  was  first  mentioned  by  Lord  Kelvin  t  in  1855  that  a 
material  subjected  to  stress  within  its  ordinary  static  elastic  limit 
is  subject  to  a  change  of  temperature,  cooling  if  in  tension,  and  heat- 
ing if  in  compression.  Since  that  time  Turner,!  Raschjf,  and  Capp 
and  Lawson§  have  made  use  of  this  thermal  change  as  a  method  of 
determining  the  elastic  limit  in  tension,  defining  it  as  the  least  stress 
at  which  the  temperature  of  the  specimen  begins  to  rise. 

In  1913  C.  E.  Stromeyer**  tried  the  method  of  determining  the 
fatigue  limit  under  alternating  stress  conditions  by  means  of  the  heat 
generated  due  to  inelastic  action.  He  located  the  endurance  limit 
at  that  minimum  alternating  stress  which  after  a  few  hundred  rapid 
repetitions  will  just  generate  heat  in  the  test  pieces.  His  determina- 
tions of  heat  were  made  by  sensitive  mercury  thermometers  immersed 
in  a  steady  stream  of  water  just  before  and  just  after  it  had  flowed 


*  Professor  W.  J.  Putnam  of  the  Department  of  Theoretical  and  Applied  Mechanics  of 
the  University  of  Illinois,  and  J.  W.  Harsch,  Metallurgist  with  the  Investigation  of  the 
Fatigue  of  Metals.  Professor  Putnam  was  responsible  for  the  preliminary  development  of 
the  apparatus  and  methods  of  testing,  and  Mr.  Harsch  developed  the  present  form  of  ap- 
paratus used,  and  carried  out  the  "rise  of  temperature"  tests  made  in  connection  with  this 
investigation. 

t  Quart.  Math.  Journal,  1855. 

t Trans.  Am.  Soc.  of  Civil  Engrs.,  Jan..  1902. 

H  Proc.  Int.  Assn.  for  Test.  Materials,  Art.  VII,   1909 

§Proc.  Int.  Assn.  for  Test.  Materials,  Art.  1X8.  1912. 

**  Memorandum  of  the  Chief  Engineer  of  the  Manchester  (England)  Steam  Users  Asso 
ciation.   1913.     See  also  Engineering.  London.  June  19.  1914 


120  ILLINOIS   ENGINEERING    EXPERIMENT   STATION 

over  the  test  piece,  and  he  disregarded  differences  of  temperature  of 
less  than  0.02  degree  C.  This  method  involves  the  determination 
of  the  quantity  of  heat  generated,  and  the  difference  in  temperature 
of  the  entering  and  leaving  stream  depends  on  the  rate  of  flow.  The 
work  of  Stromeyer  was,  however,  incomplete,  inasmuch  as  the  actual 
fatigue  tests  carried  out  to  check  the  calorimetrically  determined 
endurance  limits  were  for  the  most  part  carried  to  less  than  one 
million  repetitions  of  stress.* 

25.  Apparatus. — The  "rise  of  temperature"  machine,  Figs. 
42(a)  and  42(b),  used  in  the  present  series  of  tests  was  designed  to 
test  the  regular  13-inch,  rotating-beam  specimen,  Fig.  18,  and  to 
produce  the  same  type  of  stress  as  that  produced  in  the  rotating- 
beam  machine  used  for  the  main  series  of  tests  described  in  this  bul- 
letin. As  shown  in  Fig.  42(a),  the  specimen  S  is  held  horizontally 
in  V-notch  grips,  A.  The  load  is  applied  on  a  ball  bearing,  B,  at 
the  end  of  the  specimen,  the  bearing  being  heat-insulated  from  the 
specimen  by  a  fiber  collar  1/16  inch  thick.  The  machine  is  also  heat- 
insulated  from  the  base  at  points  E  and  F  to  prevent  heat  traveling 
from  the  bearings  through  the  base  to  the  specimen.  The  load  on 
the  specimen  is  measured  by  reading  the  deflection  of  the  Ames 
dial,  C,  a  load-deflection  curve  for  the  specimen  having  been  previ- 
ously obtained  by  recording  a  set  of  loads  and  corresponding  de- 
flection readings.  The  load  can  be  varied  by  an  adjusting  screw,  D, 
in  the  head  of  the  machine.  A  thermo-couple  cannot  be  readily 
attached  to  a  rotating  specimen,  and  it  will  be  noted  that  the  machine 
is  so  designed  that  the  specimen  does  not  turn,  but  that  the  head  of 
the  machine  rotates.  The  left-hand  end  of  the  specimen  is  thus 
moved  in  a  circle  concentric  with  its  axis,  the  radius  of  the  circle 
being  that  deflection  corresponding  to  the  desired  stress. 

After  considering,  various  methods  of  temperature  measurement 
it  was  decided  to  measure  the  temperature  change  of  the  test  piece 
itself,  and  it  was  first  attempted  to  measure  change  of  temperature 
by  measuring  the  change  in  resistance  of  small  coils  of  copper  wire 


*  Since  the  preparation  of  the  manuscript  for  this  bulletin  there  has-been  reported  a 
series  of  tests  in  the  British  National  Physical  Laboratory  in  which  the  "rise  of  temperature" 
test  is  shown  to  give  a  fairly  accurate  measure  of  the  endurance  limit.  A  special  short-time, 
deflection  test  is  also  recommended  for  determining  the  endurance  limit.  The  tests  were  made 
by  H.  J.  Gough  and  were  reported  in  "The  Engineer"  (London),  Aug.  12,  1921,  and  an 
abstract  appears  in   "Mechanical  Engineering"  for  October.   1921. 


Fig.  42.    Machine  for  "Rise  of  Temperature"  Tests 
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held  directly  against  the  specimen.  One  coil  was  attached  at  the 
section  of  greatest  stress  and  the  other  to  the  unstressed  portion  of 
the  specimen  just  beyond  the  holding  clamp,  thus  neutralizing  the 
effect  of  any  change  in  temperature  of  the  machine.  The  coils  hav- 
ing been  balanced  on  a  Wheatstone  slide-wire  bridge,  any  change  in 
temperature  would  unbalance  the  system  by  an  amount  which,  as 
indicated  by  the  galvanometer,  would  denote  the  amount  of  change 
in  temperature.  The  unbalancing,  however,  changed  the  amount  of 
current  flowing  through  each  coil  and  therefore  caused  an  added 
change  in  temperature  of  the  coils.  Then,  too,  the  coils  were  so  deli- 
cate that  the  repeated  handling  and  the  slight  friction  to  which  they 
were  subjected  soon  destroyed  the  insulation  on  the  wires. 

Differential  copper-constantan  thermo-couples  made  from  No.  30 
B  and  S  gage  wire  were  then  used.  These  were  attached  in  locations 
corresponding  to  those  used  for  the  resistance  coils,  the  one,  K,  at 
the  section  of  greatest  stress  being  tightly  taped  against  the  steel, 
and  the  other,  L,  separated  from  the  steel  by  a  single  layer  of  thin 
paper.  This  arrangement  proved  verj-  satisfactory  and  calibration 
showed  it  to  be  sensitive  to  0.003  degree  C.  The  couples  were  con- 
nected in  series  with  a  Leeds  and  Northrup,  Type  H,  D'Arsonval 
galvanometer,  shown  in  Fig.  42(b).  When  the  couples  were  at 
the  same  temperature  no  deflection  was  shown,  but  when  either 
varied  in  temperature  from  the  other  a  corresponding  deflection 
occurred. 

26.  Materials. — By  the  rise  of  temperature  method  several 
steels  in  the  general  series  were  tested,  thus  checking  the  reliability 
of  this  method  since  the  endurance  limit  of  each  steel  was  definitely 
known  from  long-time  tests,  and  the  series  covered  a  wide  range. 
Duplicate  and  triplicate  tests  were  made  on  several  of  the  steels  to 
ascertain  the  reliability  with  which  the  endurance  limit  could  be 
determined,  and  the  results  thus  obtained  were  well  within  the  limits 
of  the  precision  of  stress  adjustment. 

27.  Tests. — The  test  finally  adopted  as  a  standard  consists  in 
running  the  machine  for  30  seconds  at  a  speed  of  1000  revolutions 
per  minute  at  a  known  stress  and  recording  the  maximum  deflec- 
tion of  the  galvanometer.     Then,  with  a  series  of  such  readings  cor- 
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responding  to  a  series  of  stresses,  a  curve  is  plotted  to  show  the  in- 
crease in  temperature  with  increase  of  stress.  The  point  at  which 
the  curve  shows  a  sharp  break  corresponds  to  the  endurance  limit. 
Typical  curves  are  shown  in  Fig.  43.  In  the  cases  of  carbon  steels 
with  sorbitic  structures  and  in  the  case  of  alloy  steels  it  was  found 
necessary  to  increase  the  time  of  the  run,  at  each  stress,  from  30 
seconds  to  2  minutes,  since  these  materials  are  slower  in  heating 
under  stress. 

28.     Results  and  Discussion. — Endurance  limits  determined  by 
the  rise  of  temperature  tests  are  shown  in  Table  8.     Besides  the 


Table  8 
Comparison  of  Endurance  Limit  Found  by  Rotating-Beam  Tests  with 
That  Found  by  "Rise  of  Temperature"  Tests 


7 
9 
10 

50 

51 


1.20  carbon,  normalized 

sorbitic 

0.52  carbon,  normalized 

sorbitic 

0.37  carbon,  normalized 

sorbitic,  treatment  B 

Chrome-nickel,  treatment  A 

treatment  B 

treatment  C 

0.93  carbon,  pearlitic 

sorbitic 

troostitic 

3.5  nickel,  treatment  B 

0.02  carbon,  as  received 

0.49  carbon,  sorbitic 

Cold-drawn,  as  received 

annealed  at  1300°  F 

Hot-rolled,  0.18  carbon,  as  received 

reduced  to  0.48  in 

reduced  to  0.44  in 

0.02  carbon,  tested    on    Olsen-Foster    reversed-torsion 

machine 

tested    on    Upton-Lewis    reversed-bending 
machine 


50  000 
92  000 
42  000 

55  000 
33  000 
45  000 
68  000 
65  000 
67  000 
30  500 

56  000 
98  000 
63  000 
26  000 
48  000 
41  000 
29  000 
28  000 
35  000 
41  000 

12  500 

23  000 


43  000 
88  000 
41  500 
53  000 
31  000 
49  000 
66  000 
65  000 
70  000 
28  500 
53  000 
90  000 
62  500 

26  000 
48  000 
41  500 

27  500 
27  000 
38  500 
40  500 

13  000 

27  000 


values  obtained  on  the  special  machine  there  is  also  included  a  value 
for  0.02  carbon  steel  in  torsion  and  a  value  in  reversed  bending. 
These  values  were  taken  from  specimens  tested  in  the  Olsen-Foster 
reversed-torsion  and  Upton-Lewis  reversed-bending  machines  respec- 
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tively,  with  thermo-couples  attached  to  the  specimen.  Table  8  also 
contains  for  the  purpose  of  comparison  the  values  of  endurance 
limits  as  determined  in  the  rotating-beam  machine  and  in  the  tem- 
perature machine.  This  comparison  is  shown  diagramatically  in 
Fig.  37. 

There  is  a  reasonably  close  coincidence  between  the  endurance 
limits  given  by  the  long-time  rotating-beam  tests  and  those  given  by 
the  temperature  tests. 

The  method  of  determining  the  endurance  limit  from  the  curve 
obtained  in  a  temperature  test  is  shown  in  Fig.  43.  The  endurance 
limit  is  taken  at  the  point  shown  by  the  intersection  of  the  lines. 
The  curves  in  this  figure  are  typical.  Most  of  the  curves  show  a 
slight  break  considerably  below  the  endurance  limit.  It  is  probable 
that  there  is  at  this  point  a  very  slight  incipient  damage  in  some 
weaker  constituent,  but  that  the  load  is  still  sustained  by  the  stronger 
constituent  and,  as  shown  by  actual  tests,  no  failure  results  until 
the  higher  stress  is  reached.  This  first  break  decreases  in  amount 
with  an  increase  of  the  carbon  content  in  the  normalized  steels,  and 
is  also  smaller  when  the  steel  has  been  given  such  heat  treatment 
as  to  produce  a  sorbitic  structure.  It  would  seem  that  this  first 
break  may  depend  upon  some  property  of  the  ferrite  crystal  and 
so  may  decrease  in  sharpness  with  a  decrease  in  percentage  of  fer- 
rite and  with  a  more  complete  dispersion  of  cementite,  such  as  oc- 
curs in  sorbite.  This  is  well  shown  by  the  curves  in  Fig.  43,  since 
these  curves  represent  steels  which  cover  a  wide  range  of  carbon 
content  and  also  show  two  different  heat  treatments. 

It  may  be  possible  that  this  first  break  indicates  the  absolute 
endurance  limit,  i.  e.,  the  stress  under  which  the  material  will  with- 
stand an  infinite  number  of  repetitions.  This  of  course  cannot  be 
checked  by  actual  applications  of  stress,  but  it  is  not  impossible 
to  conceive  that,  at  the  endurance  limit  determined  by  tests  to 
100  000  000  repetitions,  the  curve  may  still  have  a  very  slight  down- 
ward trend,  which,  if  the  tests  were  carried  to  billions  of  repetitions, 
might  bring  the  endurance  limit  to  the  value  shown  by  the  first 
break  of  the  temperature  curve.  The  characteristic  curves  also  show 
a  very  slight  but  gradual  increase  in  temperature  with  increase  of 
stress  below  the  endurance  limit. 
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It  is  believed  that  a  machine  of  this  type,  especially  in  conj auc- 
tion with  two  or  three  rotating-beam  machines,  is  a  good  piece  of 
equipment  for  the  average  college  or  commercial  laboratory,  and 
that  with  such  equipment  the  time  and  expense  of  fatigue  investi- 
gations or  commercial  routine  fatigue  tests  would  be  very  materially 
lessened.  With  such  equipment,  using  the  temperature  machine  for 
a  preliminary  test,  and  the  rotating-beam  machine  to  obtain  check 
results,  it  would  be  quite  possible  to  determine  endurance  limits 
with  a  fair  degree  of  accuracy  within  a  few  hours. 

Problems   worthy  of  further  investigation   include : 

(1)  An  application  of  the  principle  of  temperature  meas- 
urement to  a  direct  tension-compression  fatigue  machine  and 
the  determination  of  endurance  limits  under  such  stress. 

(2)  A  more  complete  investigation  of  the  first  break  in 
the  curves  by  the  use  of  more  sensitive  couples. 

(3)  A  study  of  non-ferrous  materials. 
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VI.     Subjects  for   Further   Investigation 

29.  Effect  of  Repetition  of  Stress  Not  Reversed. — The  repeated- 
stress  tests  described  in  this  bulletin  have  all  involved  complete 
reversal  of  stress.  This  is  the  severest  type  of  repeated  stress  and 
is  quite  common  in  practice.  It  is,  however,  evident  that  many 
machine  parts  are  subjected  to  varying  stresses  in  which  the  varia- 
tion does  not  involve  a  complete  reversal.  For  example,  stresses  in 
a  railroad  rail  vary  from  a  maximum  in  one  direction  to  a  stress 
in  the  other  direction  of  about  one-quarter  the  magnitude  of  the 
maximum  stress;  chains  are  subjected  to  stresses  varying  from  zero 
to  a  maximum.  Comparatively  little  work  has  been  done  on  the 
study  of  the  effect  of  range  of  stress.  Tn  general  it  is  estimated 
that  a  material  which  will  withstand  a  completely  reversed  stress, 
8U  will  withstand  a  stress  of  one  kind  only  varying  from  zero  to  a 
maximum  of  S2  equal  to  about  1.5  times  the  magnitude  of  8r,  and 
that  values  between  these  limits  may  be  obtained  by  interpolation. 

Tests  to  determine  the  effect  of  range  of  stress  are  much  needed, 
and  in  connection  with  the  present  investigation  a  machine  has  been 
designed  and  preliminary  tests  have  been  made  under  repeated 
stresses  not  completely  reversed. 

30.  Tests  on  Other  Ferrous  Metals. — The  tests  recorded  in  this 
bulletin  constitute  a  reconnaissance  in  the  field  of  ferrous  metals; 
they  by  no  means  constitute  a  complete  study.  Many  other  kinds 
of  ferrous  metals  could  well  be  studied,  especially  alloy  steels,  of 
which  only  two  have  been  studied.  Vanadium  steels,  molybdenum 
steels,  and  possibly  tungsten  and  manganese  steels  at  once  suggest 
themselves.  Methods  developed  in  this  investigation,  especially  the 
"  rise-of-temperature "  test,  may  be  expected  to  shorten  greatly  the 
time  required  for  determining  endurance  limits. 

31.  Tests  on  Non-Ferrous  Metals. — This  investigation  in  its 
first  stages  was  definitely  limited  to  the  ferrous  metals.  The  study 
should  be  extended  to  the  non-ferrous  metals — to  brasses,  bronzes, 
copper,  aluminum,  aluminum  alloys,  and  possibly  magnesium  alloys. 
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Some  tests  on  these  metals  have  been  made  at  commercial  and  gov- 
ernment laboratories,  but  the  data  available  are  insufficient  for  draw- 
ing even  tentative  conclusions.  Some  experimental  evidence  tends 
to  show  that  a  higher  number  of  repetitions  of  stress  is  necessary 
to  develop  the  endurance  limit  for  non-ferrous  metals  than  for  iron 
and  steel. 

32.  Effect  of  Heat  Treatment. — In  the  tests  recorded  in  this 
bulletin,  materials  have  been  tested  with  various  heat  treatments. 
The  object  of  variation  was  to  produce  certain  characteristic  struc- 
tures in  the  metals.  For  many  of  the  metals  a  much  more  detailed 
study  of  the  effect  of  heat  treatment  on  resistance  to  repeated  stress 
should  be  made.  It  has  been  found  in  certain  cases  that  the  heat 
treatment  which  gives  maximum  static  strength  will  not  give  maxi- 
mum resistance  to  repeated  stress,  and  many  more  tests  should  be 
made  along  this  line.  It  is  evident  that  the  careful  determination 
of  the  heat  treatment  which  will  give  maximum  resistance  to  re- 
peated stress  for  any  steel  is  a  matter  of  great  practical  importance. 
The  development  of  a  reliable  accelerated  test  for  the  endurance 
limit,  such  as  the  "rise  of  temperature"  test,  will  greatly  expedite 
such  a  study  of  heat  treatments  for  ferrous  metals. 

33.  Direct  Tension-Compression  Tests. — Under  a  bending  stress 
only  the  outside  fibers  receive  the  maximum  stress  while  the  inside 
fibers  of  the  specimens  have  a  lower  stress.  A  series  of  tests  in  which 
some  specimens  are  subjected  to  direct  tension  and  compression,  while 
others  are  subjected  to  reversed  bending  should  throw  considerable 
light  on  the  importance  of  the  resisting  ability  of  the  understressed 
fibers  of  flexural  members.  A  machine  for  producing  repeated  alter- 
nations of  direct  tension  and  compression  has  been  designed  and  con- 
structed and  is  being  calibrated  and  adjusted. 

34.  Strength  Under  Reversed  Shearing  Stress. — In  this  bulletin 
test  results  are  given  for  a  few  steels  tested  under  reversed  torsion 
in  the  Olsen-Foster  machine.  These  specimens  have  been  subjected 
to  reversed  shearing  stress,  and  as  pointed  out  in  Section  15,  "Some 
Factors  Influencing  the  Endurance  Limit,"  a  ratio  of  endurance 
limit  in  shear  to  that  in  reversed  bending  of  about  0.52  is  indicated. 
Of  late  years  it  has  become  evident  that  shearing  stress  is  frequently 
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the  cause  of  failure  in  material,  and  a  much  more  complete  study 
of  resistance  to  repeated  shearing  stress  should  be  made.  A  machine 
for  producing  and  measuring  repeated  alternations  of  shearing  stress 
has  been  designed  and  constructed  and  is  being  adjusted  and  cali- 
brated. 

35.  Study  of  Mechanism  of  Fatigue  Failure. — The  work  of 
Ewing,  Humphrey,  Rosenhain,*  and  others  on  the  development  of 
slip  lines  in  metals  under  stress  has  done  much  to  explain  why 
metals  fail  in  fatigue.  These  experiments  were  generally  made  on 
soft  metals ;  similar  studies  should  be  made  on  metals  in  the  heat- 
treated  condition,  in  order  to  examine  the  mechanism  of  fatigue 
more  in  detail.  In  this  connection  a  study  of  the  actual  path  of 
fracture  in  fatigue,  with  a  microscope  of  high  magnification,  would 
be  valuable. 

36.  Effect  of  Repeated  Understressing. — Incidental  to  the  study 
of  overstressing  in  its  effect  on  the  endurance  limit,  discussed  in 
Section  22,  a  few  results  were  obtained  on  the  effect  of  subjecting 
a  specimen  to  a  unit  stress  below  the  endurance  limit  and  subse- 
quently testing  it  at  higher  stresses.  The  few  results  observed  in- 
dicate that  such  understressing  may  be  beneficial  in  increasing 
resistance  to  fatigue,  possibly  by  readjusting  internal  stress.  Such 
tests  also  have  a  direct  bearing  on  Bauschinger's  theory  of  fatigue 
failure. 

A  study  is  contemplated  in  which  a  series  of  specimens  will  be 
stressed  to,  say,  10  per  cent  less  than  the  endurance  limit,  for  per- 
haps 10  000  cycles,  and  after  this  treatment  subjected  to  various 
stresses  in  the  usual  manner,  to  determine  whether  any  change  has 
occurred  in  the  endurance  limit.  By  making  several  series  of  tests, 
using  various  percentages  of  understress,  and  with  various  numbers 
of  cycles  from  10  000  to  perhaps  1 000  000,  it  will  be  possible  to 
determine  the  effect  of  such  understressing  on  the  resistance  to  fa- 
tigue, and  also  the  influence  which  the  number  of  cycles  of  such 
understressing  has  on  the  result. 

37.  Strength  of  Cast  Metal  Under  Repeated  Stress. — The  tests 
recorded  in  this  bulletin,  and  nearly  all  other  tests  under  repeated 

*  Rosenhain,    "Metallurgy ;   an   Introduction   to  the   Study  of   Phvsical   Metallurgy." 
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stress,  have  been  made  on  rolled  metal.  The  extensive  use  of  steel 
castings  and  of  castings  of  non-ferrous  metals  for  stress-resisting 
parts  makes  some  knowledge  of  the  fatigue  strength  of  such  ma- 
terials of  importance.  It  is  well  known  that  the  elastic  strength 
of  castings  is  low  as  compared  with  the  ultimate  strength,  but  there 
are  no  test  results  from  which  to  judge  whether  this  means  that  the 
strength  under  repeated  stress  is  also  low.  Tests  on  castings  would 
also  give  data  concerning  the  effect  of  different  crystalline  structures 
on  the  fatigue  strength  of  metals,  since  cast  metals  usually  have  a 
crystalline  structure  markedly  different  from  rolled  metals  of  the 
same  chemical  composition. 

38.  Repair  by  Heat  Treatment  of  Structural  Damage  Due  to 
Repeated  Stress. — The  question  has  often  been  raised  whether  a  part 
which  had  been  subjected  to  many  repetitions  of  stress,  a  car  axle 
after  several  years  of  service,  for  example,  could  be  made  "as  good 
as  new"  by  annealing,  possibly  followed  by  heat  treatment.  So  far 
as  is  known  no  data  exist  on  which  to  base  an  answer.  An  experi- 
mental study  of  this  problem  would  quite  possibly  be  closely  allied 
to  the  study  of  the  mechanism  of  fatigue  failure.  This  general  prob- 
lem seems  to  be  one  of  distinct  importance. 
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VII.     Conclusions 
39.     Summary   of  Conclusions. — The  general  conclusions  to  be 
drawn  from  the  results  obtained  in  the  investigation  may  be  sum- 
marized as  follows : 

(1)  For  the  metals  tested  under  reversed  stress  there  was 
observed  a  well-defined  critical  stress  at  which  the  relation  be- 
tween unit  stress  and  the  number  of  reversals  necessary  to  cause 
failure  changed  markedly.  Below  this  critical  stress  the  metals 
withstood  100  000  000  reversals  of  stress,  and,  so  far  as  can  be 
predicted  from  test  results,  would  have  withstood  an  indefinite 
number  of  such  reversals.  The  name  endurance  limit  has  been 
given  to  this  critical  stress. 

(2)  In  the  reconnaissance  tests  made  in  the  field  of  fer- 
rous metals  no  simple  relation  was  found  between  the  endurance 
limit  and  the  "elastic  limit,"  however  determined.  The  ulti- 
mate tensile  strength  seemed  to  be  a  better  index  of  the  endur- 
ance limit  under  reversed  stress  than  was  the  elastic  limit.  The 
Brinell  hardness  test  seemed  to  furnish  a  still  better  index  of 
the  endurance  limit.  The  reason  why  the  Brinell  test,  and,  to 
a  less  degree,  the  ultimate  tensile  strength,  seem  to  be  better 
indices  of  the  endurance  limit  than  the  elastic  limit  is  not  clear, 
and  this  result  should  be  regarded  as  tentative.  Elastic  limits 
determined  from  compression  tests  and  torsion  tests  gave  no 
better  index  than  did  those  from  tension  tests. 

(3)  The  single-blow  impact  tests  (Charpy  tests)  and  the 
repeated-impact  tests  did  not  furnish  a  reliable  index  for  the 
endurance  limit  under  reversed  stress  of  the  ferrous  metals  tested. 

(4)  Accelerated  or  short-time  tests  of  metals  under  re- 
peated stress,  using  high  stresses  and  consequent  small  numbers 
of  repetitions  to  cause  failure,  are  not  reliable  as  indices  of  the 
ability  of  metal  to  withstand  millions  of  repetitions  of  low  stress. 

(5)  The  endurance  limit  for  the  ferrous  metals  tested 
could  be  predicted  with  a  good  degree  of  accuracy  by  the  meas- 
urement of  rise  of  temperature  under  reversed  stress  applied 
for  a  few  minutes.  This  relation  is  explicable  in  view  of  the 
intercrystalline    and    intracrystalline    slippage    under    repeated 
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stress  shown  by  the  microscope.  It  is  believed  that  this  test, 
which  is  a  development  of  a  test  proposed  by  Mr.  C.  E.  Stro- 
nieyer,  can  be  developed  into  a  reliable  commercial  test  of  fer- 
rous metals  under  repeated  stress.  Its  applicability  to  non- 
ferrous  metals  has  not  been  investigated. 

(6)  Abrupt  changes  of  outline  of  specimens  subjected  to 
repeated  stress  greatly  lowered  their  resistance.  Cracks,  nicks, 
and  grooves  caused  in  machine  parts  by  wear,  by  accidental  blows, 
by  accidental  heavy  overload,  or  by  improper  heat  treatment 
may  cause  such  abrupt  change  of  outline.  Shoulders  with  short- 
radius  fillets  are  a  marked  source  of  weakness. 

(7)  Poor  surface  finish  on  specimens  subjected  to  re- 
versed stress  was  found  to  be  a  source  of  weakness.  This  weak- 
ness may  be  explained  by  the  formation  of  cracks  due  to  local- 
ized stress  at  the  bottom  of  scratches  or  tool  marks. 

(8)  Stress  above  the  endurance  limits,  due  to  either  a 
heavy  overload  applied  a  few  times  or  a  light  overload  applied 
some  thousands  of  times,  was  found  to  reduce  somewhat  the 
endurance  limit  of  two  ferrous  metals  tested. 

(9)  In  none  of  the  ferrous  metals  tested  did  the  endur- 
ance limit  under  completely  reversed  stress  fall  below  36  per 
cent  of  the  ultimate  tensile  strength;  for  only  one  metal  did  it 
fall  below  40  per  cent,  while  for  several  metals  it  was  more  than 
50  per  cent.  However,  these  metals  were  to  a  high  degree  free 
from  inclusions  or  other  internal  defects;  the  specimens  had  no 
abrupt  changes  of  outline,  and  had  a  good  surface  finish. 

(10)  It  is  well  known  that  subjecting  steel  to  a  stress  be- 
yond the  yield  point  raises  the  static  elastic  tensile  strength  to 
a  marked  degree.  The  effect  is  less  marked  on  the  endurance 
limit,  although  some  increase  was  observed  for  0.18  carbon  steel 
with  the  surface  polished  after  being  stretched  well  beyond  the 
yield  point.  Annealing  of  commercial  cold-drawn  screw  stock 
was  found  to  lower  its  endurance  limit  somewhat  less  than  it 
did  its  static  elastic  strength. 

(11)  The  test  results  herein  reported  indicate  the  effec- 
tiveness of  proper  heat  treatment  in  raising  the  endurance  limit 
of  the  ferrous  metals  tested.  Here  again  it  should  be  noted  that 
an  increase  in  static  elastic  strength  due  to  heat  treatment  is 
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not  a  reliable  index  of  increase  of  endurance  limit  under  re- 
versed stress. 

(12)  The  phenomenon  known  as  "fatigue"  of  metals  un- 
der repeated  stress  might  better  be  called  the  "progressive  fail- 
ure" of  metals.  The  most  probable  explanation  seems  to  be 
that  such  failure  is  a  progressive  spread  of  microscopic  frac- 
tures. A  neucleus  for  damage  may  be  a  very  small  area  of  high, 
localized  stress,  due  to  a  groove,  a  scratch,  or  a  crack ;  in  other 
cases  failure  may  be  due  to  internal  inclusions  or  irregularities 
of  structure;  it  may  be  due  to  internal  stress  remaining  after 
heat  treatment;  it  m-dy  be  due  to  a  grain  or  group  of  grains 
unfavorably  placed  to  resist  stress;  or  failure  may  begin  in  the 
weaker  grains  of  a  metal  whose  structure  consists  of  two  or 
more  kinds  of  grains ;  or  it  may,  of  course,  begin  in  any  portion 
of  the  metal  which,  by  accidental  overload  or  otherwise,  is 
stressed  to  the  yield  point. 


AN    INVESTIGATION   OF   THE   FATIGUE   OF    METALS  135 


APPENDIX  A 

Comparison  of. Endurance  Tests  Beyond  the  Yield  Point  with 
Endurance  Tests  within  the  Yield  Point* 

In  connection  with  a  course  in  graphic  methods  given  at  the 
University  of  Wisconsin,  use  was  made  of  some  data  from  endurance 
tests,  and  it  was  found  that  the  deflections  and  corresponding  cycles 
for  rupture,  obtained  in  tests  involving  stresses  beyond  the  yield 
point,  plotted  as  a  straight  line  on  logarithmic  paper. 

The  tests  in  question  had  been  performed  on  a  machine  of  spe- 
cial design  in  which  the  specimen  was  gripped  in  the  base  of  the 
machine,  the  projecting  end  of  the  specimen  being  deflected  back 
and  forth  over  a  free  length  of  4  inches.  By  using  various  deflections 
it  was  possible  to  determine  a  relation  between  the  deflection  of  the 
specimen  and  the  number  of  cycles  of  stress  necessary  to  cause  rup- 
ture. 

The  fact  that  this  relation  was  represented  by  a  straight  line 
when  plotted  on  logarithimic  paper  suggested  the  possibility  of  ex- 
tending the  curve  in  order  to  show  values  of  cycles  for  rupture  at 
deflections  which  were  known  to  be  within  the  elastic  limit.  By 
this  means  it  would  be  possible  to  get  a  relation  between  unit  stress 
and  cycles  for  rupture,  because  within  the  elastic  limit  the  formula 
connecting  unit  stress  and  deflection  for  a  cantilever  beam  is 

n       8L*     ■       v  * 
=  ~3EC 

D  =  deflection  of  the  beam  in  inches, 

»Sf=unit  stress  in  pounds  per  square  inch  in  outer  fiber,  cor- 
responding to  maximum  bending  moment, 
L  =  length,  in  inches,  over  which  deflection  takes  place, 
E= modulus  of  elasticity  of  the  beam  material, 
C= distance,  in  inches,  from  the  neutral  axis  of  the  beam  to 

the  outer  fiber. 
The  correctness  of  the  method  of  extending  the  deflection-cycles 
curve  would  depend  upon  whether  the  relation  between  deflection 

*This   appendix    is   based    on    former    experimental    work    done    by    Professor    Kommers. 
mainly  at  the  University  of  Wisconsin. 
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and  cycles  for  rupture  as  found  by  tests  beyond  the  yield  point  held 
also  within  the  yield  point.  If  this  proved  to  be  the  case,  there 
would  be  available  a  method  of  establishing  the  relation  between  any 
unit  stress  within  the  elastic  limit,  and  the  number  of  cycles  at  this 
stress  which  would  cause  failure.  The  practical  value  of  this  pro- 
posed method  would  lie  in  the  fact  that  the  deflection-cycles  curve 
could  be  determined  in  a  few  hours,  thus  rendering  unnecessary  the 
time-consuming  methods  ordinarily  employed  in  establishing  the  re- 
lation between  unit  stress  and  cycles  for  rupture. 

In  order  to  prove  or  disprove  the  correctness  of  the  proposed 
method  it  was  decided  to  make  tests  on  a  series  of  three  steels  vary- 
ing in  carbon  content,  determining  first  the  relation  between  deflec- 
tion and  cycles  for  rupture  by  tests  beyond  the  yield  point.  The 
resulting  deflection-cycles  curve,  plotted  on  logarithmic  paper,  would 
then  be  extended  or  extrapolated,  and  by  means  of  the  formula 
connecting  unit  stress  and  deflection  a  relation  between  unit  stress 
within  the  elastic  limit  and  cycles  for  rupture  would  be  determined. 
A  series  of  reversed -stress  tests  on  a  rotating-beam  specimen  would 
then  be  made  to  determine  by  direct  experiment  the  actual  relation 
existing.  If  these  two  methods  gave  the  same  value  for  the  relation 
between  these  quantities,  it  could  be  considered  that  the  proposed 
method  was  justified. 

Table  9  gives  the  chemical  analysis  of  the  material  used  in  the 
tests.  It  was  received  in  the  form  of  %-ineh  rounds.  Steel  No.  1 
was  annealed  at  850  degrees  C.  for  one  half-hour,  and  steels  Nos.  2 
and  3  were  annealed  at  800  degrees  C.  for  one  half-hour.  The  ten- 
sile strengths  of  the  steels  are  given  in  Table  10. 

Table  9 

Chemical  Analyses  of  Steels  for  Special  Series  of  Tests  in  the 
Wisconsin  Rotating-Beam  Testing  Machine 


Steel  No. 

Carbon 

Manganese 

Silicon 

Phosphorus 

Sulphur 

1 
2 
3 

0.42 
0.56 
0.80 

0.59 
0.55 
0.51 

0.07 
0.08 
0.12 

0.019 
0.023 
0.029 

0.031 
0.035 
0.036 
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Table  10 

Results  of  Tension  Tests  of  Steels  for  Special  Series  of 
in  the  Wisconsin  Rotating-Beam  Testing  Machine 

Tests 

Steel  No. 

Proportional 
Elastic 
Limit 

lb.  per  sq.  in. 

Yield 

Point 

lb.  per  sq.  in. 

Ultimate 

Tensile 

Strength 

lb.  per  sq.  in. 

Elongation 
in  2-in. 
per  cent 

Reduction 
of  Area 
per  cent 

1 
2 
3 

38  900 
40  300 
47  800 

40  000 
45  300 
53  300 

75  500 
87  200 
110  300 

32.5 
27.0 
11.0  . 

49.3 
35.6 
11.2 

Note:     Each  value  is  the  average  of  two  test  results. 


Figs.  5  and  6  show  the  Wisconsin  machine  used  for  making 
the  rotating-beam  fatigue  tests.  The  specimen,  shown  in  Fig.  19, 
is  fixed  into  the  shaft  of  the  machine,  concentric  with  it,  by  means 
of  nuts  and  set  screws.  The  load  on  the  specimen  is  applied  through 
a  ball  bearing  by  means  of  a  spring  balance.  It  will  be  seen,  there- 
fore, that  the  specimen  is  loaded  as  a  cantilever  beam  and  is  rotated 
with  the  shaft  of  the  machine.  The  speed  used  was  1200  revolutions 
per  minute. 

When  this  machine  was  being  tested  the  unit  stress  on  different 
specimens  was  gradually  lowered  until  finally  a  unit  stress  was 
reached  which  the  specimen  withstood  for  100  000  000  cycles  of  stress 
without  failure.  This  result  was  unexpected,  and  immediately  sug- 
gested the  probability  that  a  metal  had  a  well  defined  endurance 
limit. 

The  fact  that  a  steel  has  apparently  an  endurance  limit  had  a 
direct  bearing  upon  the  experimental  work  which  had  been  planned. 
Because  experimental  data  were  lacking  to  prove  the  contrary,  it 
had  been  assumed  that  the  inclined  straight  line  obtained  when  plot- 
ting on  logarithmic  paper  unit  stresses  and  cycles  for  rupture  gave 
the  correct  relation  between  those  quantities  even  for  large  numbers 
of  cycles  of  stress.  While  this  assumption  would  be  disproved  by 
the  existence  of  a  well-defined  endurance  limit,  yet  it  seemed  worth 
while  to  continue  the  experiments  for  the  purpose  of  determining 
whether  even  the  inclined  part  of  the  8-N  diagram  obtained  for 
stresses  below  the  yield  point  was  related  to  that  obtained  for  stresses 
beyond  the  yield  point. 
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The  upper  half  of  Fig.  44  shows  the  curves  obtained  from  the 
endurance  tests  on  which  the  specimens  were  stressed  beyond  the 
yield  point,  while  the  lower  half  shows  the  curves  obtained  from  the 
endurance  tests  in  which  the  specimens  were  stressed  within  the 
elastic  limit. 

The  equations  for  the  straight  lines  in  the  upper  half  of  Fig.  44 
are  as  follows: 

For  steel  No.  1, 

(1) 


(2) 


(3) 

in  which  D  is  deflection  of  the  specimen  in  inches,  and  JV  is  the 
number  of  cycles  for  rupture. 

From  these  equations  and  the  equation  connecting  deflection  and 
unit  stress  within  the  elastic  limit,  taking  29  000  000  pounds  per 
square  inch  as  the  value  of  the  modulus  of  elasticity  of  steel,  the 
following  equations  were  derived : 

For  steel  No.  1, 

0      4  890  000 

S=  2.57,-  (4)     ' 


iV  = 

50.9 

D2  57 

For 

steel 

No 

•  2, 

N  = 

04.27 
D267 

Kor 

steel 

No 

■  3, 
N  = 

20.18 

For  steel  No.  2, 


0      5  151000 

iS== 2.57,—  (5) 


For  steel  No.  3, 


a      3  314  000 

*>=         3.       /—  (6) 
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Fig.  44.     S-N  and  D-N  Diagrams  for  Tests  ox  Wisconsin  Rotattxg-Beam 

Testing  Machine 

Logarithmic  abscissas  give  thousands  of  oyolea  for  rupture 
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in  which  8  is  the  unit  stress  in  pounds  per  square  inch,  and  N  is 
the  number  of  cycles  for  rupture. 

Table  11  gives  certain  values  of  N  and  the  corresponding  values 
of  S  computed  from  these  equations,  and  also  for  purposes  of  com- 
parison values  of  S  obtained  from  long-time  endurance  tests  cor- 
responding to  the  lower  half  of  Fig.  44. 

Table  11 

Comparison  of  Computed  Values  and  Actual  Values  of  Stress  for 
Special  Series  of  Tests  in  the  Wisconsin  Rotating-Beam  Testing 
«  Machine 


N 

Steel  No.  1 

Steel  No.  2 

Steel  No.  3 

Computed 
S 

Actual 
S 

Computed 
S 

Actual 
S 

Computed 
S 

Actual 
S 

50  000 
100  000 
500  000 

1  000  000 

2  000  000 

3  000  000 

72  700 
55  500 
29  700 
22  700 
17  300 
14  800 

44  000 
38  500 
36  500 
34  500 
33  500 

76  500 
58  400 
31  200 
23  800 
18  200 
15  500 

43  000 
38  000 
36  800 
34  800 
33  800 

63*600 
51  900 
29  000 
22  600 
17  600 
15  200 

58  300 
54  000 
44  800 
42  000 
42  000 
42  000 

This  table  makes  it  quite  clear  that  even  that  part  of  the  S-N 
curve  between  the  endurance  limit  and  the  yield  point  cannot  be 
predicted  from  equations  such  as  (4),  (5),  and  (6),  derived  from 
short-time  tests  beyond  the  yield  point.  It  is  evident,  therefore,  that 
the  relation  existing  between  deflection  and  cycles  for  rupture  for 
stresses  beyond  the  yield  point  is  different  from  that  existing  within 
the  yield  point.  Furthermore,  calculation  shows  that  there  is  no 
constant  relation  between  the  computed  and  the  actual  values  of  S 
given  in  Table  11.  It  is  also  impossible  to  make  the  computed  values 
of  8  agree  with  the  actual  values  by  changing  the  exponent  of  N 
in  the  equations,  for  calculation  shows  that  an  exponent  that  will 
make  the  values  agree  for  a  value  of  iV=50  000  will  not  do  so  for 
a  value  of  N=3  000  000. 
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APPENDIX  B 

Fatigue  Phenomena  in  Metals 

The  following  pages  give  the  substance  of  a  progress  report  pre- 
pared by  the  Engineering  Division  of  the  National  Research  Council 
Committee  on  Fatigue  Phenomena  in  Metals  and  published  in  "Me- 
chanical Engineering"  for  September,  1919. 

This  committee  of  the  National  Research  Council  was  made  the 
Advisory  Committee  for  the  Joint  Investigation  of  the  Fatigue  of 
Metals.  Those  paragraphs  of  the  1919  progress  report  which  deal 
with  plans  for  an  investigation  of  fatigue  phenomena  in  metals  are 
not  printed  here,  since  they  are  given  in  substance  either  in  the 
parts  of  this  bulletin  dealing  with  test  results  or  in  Chapter  VI, 
"Subjects  for  Further  Investigation."  It  should  be  remembered 
that  the  progress  report  given  in  this  appendix  was  written  before 
the  main  part  of  the  bulletin,  and  that  it  is  to  be  expected  that  the 
results  of  the  investigation  will  be  found  to  modify  some  of  the 
views  given  in  the  first  progress  report. 

In  this  appendix  references  are  made  by  number  to  articles 
listed  in  the  Bibliography  given  in  Appendix  D. 

Metal  parts  of  machines,  such  as  springs,  shafts,  crankpins,  and  axles, 
occasionally  fail  suddenly  while  only  subjected  to  conditions  of  ordinary  service. 
Not  only  does  failure  occur  suddenly,  but  the  part  about  to  fail  shows  no  ordi- 
nary evidence  of  weakness.  The  broken  parts  when  examined  are  seen  to  be 
broken  off  short,  and  without  general  distortion,  even  though  the  material  may 
show  high  ductility  in  ordinary  tests.  Such  failures  are  found  only  in  parts  sub- 
jected to  stress  repeated  many  times — to  "vibration,"  as  it  is  sometimes 
stated- — and  the  phenomena  which  are  involved  in  the  final  failure  of  metal 
through  oft-repeated  loading  are  known  as  "fatigue"  phenomena  of  metals. 

The  phenomena  of  fatigue  failure  have  recently  given,  rise  to  some  pre- 
plexing  problems  in  connection  with  the  design  and  service  of  airplane-engine 
crankshafts,  the  hulls  of  steel  ships,  axles  and  shafts  in  railway  cars,  motor  cars 
and  trucks,  and  other  machine  parts.  The  question  whether  structural  parts 
subjected  to  repeated  stress  are  in  danger  of  fatigue  failure  has  been  discussed 
at  considerable  length.  The  danger  of  fatigue  failure  seems  to  be  an  unim- 
portant factor  in  determining  the  safety  of  structural  parts,  with  the  possible 
exception  of  parts  subjected  to  reversal  of  stress.  The  reason  for  this  is  prob- 
ably found   in  thp  relatively  small  number  of  loadings  which  most  structures  are 
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called  upon  to  withstand,  and  in  the  fact  that  most  of  the  loadings  are  below 
the  maximum  working  value.  On  the  other  hand,  the  danger  of  fatigue  failure 
is  a  major  factor  in  determining  the  safety  of  many  machine  parts. 

The  problem  of  fatigue  of  metals  engaged  the  attention  of  engineers 
seventy  years  ago,  in  connection  with  car  axles  and  members  of  iron  railway 
bridges.  It  was  early  recognized  that  high  stress  tends  to  cause,  or  at  least  to 
hasten,  fatigue  failure,  and  about  1860  Wohler's  famous  investigations  132(b) 
were  undertaken  to  determine  the  relation  between  intensity  of  fiber  stress  and 
the  ability  of  materials  to  resist  fatigue  under  repeated  stress.  Wohler's  tests 
occupied  some  eleven  years,  and  remain  to  this  day  the  most  thorough  tests  on 
record.  Wohler  investigated  metals  under  direct  tension,  under  bending,  and 
under  torsion  (shear).  For  some  of  his  tests  the  stress  varied  from  zero  to  a 
maximum  and  for  others  the  stress  was  reversed.  The  results  of  Wohler's  tests 
may  be  summarized  as  follows: 

(1)  A   machine  part  or   structural   member   may   be   ruptured   by   the   repeated 

application  of  a  load  which  produces  a  computed  fiber  stress  less  than 
the  ultimate  strength  of  the  material  as  determined  by  a  static  test. 

(2)  The  greater  the  range  of  stress,  the  lower  the  limiting  fiber  stress  to  in- 

sure against  rupture  after  a  very  large  number  of  repetitions. 

(3)  To  insure  against  rupture  after  a  very  large  number  of  repetitions  of  load- 

ing causing  complete  reversal  of  stress,  the  limiting  fiber  stress  is 
but  little  greater  than  one-half  the  limiting  fiber  stress  for  a  very 
large  number  of  repetitions  of  stress  varying  from  zero  to  a  maximum. 
Following  Wohler  the  famous  Bauschinger^  published  a  series  of  conclusions  on 
fatigue,  and  various  other  investigators,  notably  Gerber,i25<»>  and  Weyrauch  and 
Launhardt,68<d>  gave  early  interpretations  of  the  experimental*  results  of  Wohler 
and  Bauschinger. 

In  these  earlier  experiments  several  facts  seem  noteworthy.  The  prime 
object  of  the  investigators  was  to  deduce  laws  of  fatigue  for  railway  bridges 
and  car  axles.  The  problem  of  fatigue  in  high-speed  machine  parts  had  not 
then  appeared.  These  investigators  carried  their  tests  far  enough  to  cover  the 
number  of  repetitions  required  by  the  structures  of  their  day  and  assumed  that 
having  done  so  they  had  established  an  endurance  limit.  Reading  their  con- 
clusions carefully,  the  statement  does  not  seem  to  be  made  that  material  which 
passed  their  tests  would  stand  an  infinite  number  of  repetitions.  The  term 
generally  used  is  ' '  indefinite "  or  "  very  large, ' '  and  the  number  corresponding 
is  from  ten  to  fifty  millions.  For  the  problem  which  they  investigated  their 
tests  seem  to  give  safe  guides  for  practice,  but  today,  with  the  advent  of  modern 
high-speed  machinery,  some  parts  of  which  must  be  as  light  as  possible,  and 
the  extension  of  the  fatigue  problem  to  such  members  as  the  cranks  and  the 
connecting  rods  of  gas  engines  and  the  shafts  of  steam  turbines,  the  number 
of  repetitions  of  stress  which  a  machine  member  may  be  called  upon  to  undergo 
is  very  much  increased.  This  fact  is  illustrated  by  Table  12,  which  gives  a 
statement  of  the  approximate  service  required  from  various  structural  and 
machine  members. 
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Investigations  have  been  made  in  recent  years  by  Howard^  Stan- 
ton,!", 113, 114,  us  Basquin,s  Smith,"?  Eden,  Rose  and  Cunningham,28  Kommers,68 
Mason,?*    Moore    and    Seely,83    and    others.      The    efforts    of   these    investigators 


Table  12 

Approximate  Service  Required  of  Various  Members  of  Structures 
and  Machines  Subjected  to  Repeated  Stress 


Part  of  Structure  or  Machine 


Approximate  Number 
of  Repetitious  of  Stress 
in  the  "Lifetime"  of  the 

Structure  or  Machine 


Railroad  bridge,  chord  members 

Elevated-railroad  structure,  floor  beams 

Railroad  rail,  locomotive  wheel  loads 

Railroad  rail,  car  wheel  loads 

Airplane-engine  crankshafts 

Car  axles 

Automobile-engine  crankshafts 

Lineshafting  in  shops 

Steam  engine  piston  rods,  connecting  rods  and  crankshafts 
Steam-turbine  shafts,  bending  stresses 


2  000  000 

40  000  000 

500  000 

15  000  000 

18  000  000 

50  000  000 

120  000  000 

360  000  000 

1  000  000  000 

15  000  000  000 


have  been  toward  the  study  of  modern  materials,  refinements  in  methods  of 
testing,  and  interpretation  of  results.  The  limits  of  actual  tests  have  not  been 
extended  to  modern  requirements,  and  the  problem  still  remains  of  obtaining 
test  data  for  much  longer  endurance  of  fatigue  than  was  contemplated  by 
Wohler.  Under  the  most  favorable  conditions  conceivable  such  data  will  be 
obtained  very  slowly,  and  meanwhile  there  must  be  faced  the  problem  of  de- 
termining safe  stresses  for  very  large  numbers  of  repetitions  by  extrapolation 
from  previous  test  results. 


Machines  for   Testing   Fatigue  Strength 

Fatigue  tests  cannot  readily  be  carried  out  with  ordinary  "static"  testing 
machines.  It  is,  of  course,  possible  to  repeat  loadings  on  a  test  specimen  in 
such  a  machine,  but  the  process  is  very  slow.  Such  a  machine  equipped  with  an 
ingenious  automatic  arrangement  for  applying  and  releasing  load  was  used  by 
Van  Ornumi28  in  fatigue  tests  of  concrete  in  compression,  but  the  time  required 
for  even  a  hundred  thousand  cycles  of  stress  was  very  great. 

A  very  simple  repeated-stress  testing  machine  acts  by  the  application  and 
removal  of  a  weight  to  the  end  of  the  long  arm  of  a  simple  or  compound  lever, 
the  specimen  carrying  load  at  the  short  arm.  Such  a  machine  was  used  by 
Berry  in  fatigue  tests  of  concrete  in  compression.  In  a  machine  of  this  type 
the  load  must  be  applied  slowly,  else  there  will  be  inertia  forces  set  up  by  the 
impact  of  the  weight  as  it  is  let  into  place. 
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A  common  type  of  repeated-stress  testing  machine  is  one  in  which  a  cali- 
brated set  of  springs  resist  the  tensile,  compressive,  flexural,  or  torsional  stress 
set  up  in  the  specimen,  and  the  deformation  of  the  calibrated  set  of  springs 
gives  a  measure  of  the  force  or  moment  acting  on  the  specimen.  Fig.  45(a) 
diagrammatically  illustrates  this  type  of  machine  which  was  used  by  Wohler 
and  has  since  been  used  by  many  other  experimenters.  The  Upton-Lewis  ma- 
chine is  of  this  type  and  extensive  use  was  made  of  it  in  torsion  tests  carried 
on  by  MeAdam.8"(h'  This  type  of  machine  permits  a  fairly  high  rate  of  repe- 
tition of  cycles  of  stress,  and  machines  which  have  been  run  at  1000  repetitions 
per  minute  have  given   results  apparently  trustworthy. 

The  most  common  type  of  machine  for  reversed  bending  stresses  uses  a 
circular  specimen  acting  as  a  rotating  beam.  This  type  was  used  by  Wohler, 
and  also  by  many  later  investigators.  Fig.  45(b)  illustrates  such  a  machine. 
The  specimen  is  in  the  form  of  a  bar  of  circular  section,  to  which  bending 
stress  is  applied  by  weights.  The  specimen  is  rotated  by  means  of  a  pulley. 
At  any  instant  the  outer  fibers  arc  subjected  to  a  stress  varying  from  tension 
on  one  side  to  compression  on  the  other,  and  the  fiber  stress  at  any  point  passes 
through  a  cycle  of  reversed  stress  during  each  revolution.  As  shown,  the  speci- 
men is  loaded  at  two  symmetrical  points  of  the  span,  and  between  these  two 
points  the  extreme  fiber  stress  is  constant  for  each  element  along  the  bar.  This 
type  of  machine  permits  high  speed  of  reversal  of  stress,  speeds  up  to  2000 
revolutions  per  minute  having  been  successfully  used. 

British  experimenters  have  used  repeated-stress  testing  machines  in  which 
varying  stress  was  applied  to  a  specimen  by  means  of  the  inertia  of  reciprocat- 
ing parts.  Fig.  45(c)  shows  such  a  machine,  which  can  be  used  at  high  speeds. 
However,  the  speed  must  be  very  closely  controlled,  as  the  inertia  forces  vary 
with  the  square  of  the  speed.  Moreover,  friction  on  the  guides  causes  some 
slight  uncertainty  as  to  the  magnitude  of  stress  set  up  at  each  stroke  of  the 
crank. 

A  repeated-stress  testing  machine  depending  on  centrifugal  force  to  pro- 
duce cycles  of  stress  is  shown  in  Fig.  45(d).  It  is  evident  that  as  the  eccentric 
weights  revolve  the  specimen  will  be  placed  alternately  in  tension  and  in  com- 
pression. This  machine  has  been  used  by  J.  H.  Smith.i°7(a>  Its  characteristics 
are  much  like  those  of  the  inertia  type;  in  fact,  it  is  a  special  form  of  inertia 
machine. 

A  type  of  machine  used  by  Arnold  and  later  by  other  experimenters  is 
shown  in  Fig.  45(e).  In  this  machine  a  specimen  is  repeatedly  given  a  certain 
deflection.  Usually  this  deflection  is  sufficiently  large  to  stress  the  material  well 
beyond  the  yield  point,  and  no  very  definite  stress  can  be  computed.  This 
machine  is  used  mainly  for  short-time  tests. 

Another  short-time-test  machine  uses  the  repeated  impact  of  a  small  ham- 
mer. The  claim  is  made  that  impact  loading  emphasizes  local  flaws  better  than 
a  load  which  is  more  gradually  applied,  and  that  thus  it  indirectly  gives  a 
better  index  of  fatigue  strength.  Data,  however,  are  lacking  to  prove  or  dis- 
prove this  claim. 
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Various  repeated-stress  testing  machines  have  been  constructed  in  whicn 
the  cycles  of  stress  were  set  up  by  the  action  of  an  electromagnet  energized  by 
alternating  current.  Usually  the  stress  was  measured  either  by  the  deflection 
of  a  spring  or  by  the  deformation  of  a  standard  test  bar  attached  to  the  speci- 
men. The  speed  of  such  a  machine,  however,  is  usually  so  high  that  there  seems 
to  be  some  uncertainty  as  to  whether  the  successive  waves  of  stress  pass  through 
the  specimen  without  interference. 

While  the  microscope  can  hardly  be  classified  as  a  testing  machine,  it  has, 
nevertheless,  been  of  such  vital  importance  in  studying  fatigue  phenomena  that 
it  may  well  be  mentioned  in  this  place.  Space  will  not  permit  of  a  detailed 
description  of  the  methods  employed  in  the  microscopic  examination  of  metals, 
but  the  process  involves  polishing  a  small  area  of  the  metal,  etching  the  surface 
with  some  reagent  to  bring  out  the  lines  of  the  crystalline  structure,  and  ex- 
amining and  photographing  the  surface  through  a  microscope,  the  surface  of 
the  metal  being  illuminated  by  means  of  a  reflected  light. 


The  Phenomena  of  Fatigue  Failure 

A  fatigue  failure  of  a  metal,  whether  it  occurs  in  a  test  specimen  or  in 
a  machine  part,  is  characterized  by  suddenness,  lack  of  warning,  apparent  brit- 
tleness  of  material,  and,  in  many  cases,  a  fracture  with  a  crystalline  appearance 
over  a  part  of  its  surface. 

This  crystalline  appearance  led  to  the  old  theory  that  under  repeated  stress 
metal  ' '  crystallized, ' '  changing  from  a  ductile  ' '  fibrous ' '  structure  to  a  brittle 
' '  crystalline ' '  one.  This  theory,  however,  has  been  quite  thoroughly  demolished 
as  a  result  of  study  of  the  structure  of  steel  under  the  microscope.  As  revealed 
by  the  microscope  the  structure  of  all  metals  used  for  structures  and  machines 
is  crystalline,  any  "fibrous"  structure  being  caused  by  inclusions  of  non-metallic 
impurities  (for  example,  slag  in  wrought  iron) .  Microscopic  examination  of 
metals  under  stress  shows  no  change  of  the  general  scheme  of  internal  structure, 
but  under  sufficiently  heavy  stress  there  appears  gradual  breakdown  of  the 
crystals  in  the  structure. 

When  a  ductile  metal  is  deformed  cold,  the  first  deformation  occurs  in 
the  particular  grains  which  either  take  the  most  stress  or  have  the  lowest  elastic 
limit.  Deformation  takes  place  by  the  slipping  of  one  portion  of  the  grain  with 
reference  to  other  portions.  This  slipping  is  shown  by  the  appearance  of  lines 
called  "slip  bands"  or  "slip  lines"  extending  across  crystals  and  indicating 
planes  of  cleavage,  as  shown  in  Fig.  46.  As  the  load  is  increased  deformation 
proceeds  and  other  slip  bands  are  formed,  the  law  being  that  the  most  easily 
deformable  grains  first  show  slip  bands.  Gradually  the  most  favorable  planes 
of  slip  are  exhausted,  and  further  slippage  can  take  place  only  with  the  addi- 
tion of  more  load. 

The  failure  in  ductile  metals  subjected  to  repeated  stress  takes  place  with 
substantially  no  general  deformation.  There  is,  however,  considerable  local 
deformation  over  microscopic  areas,  evidenced   by   the  appearance  of  many  slip 
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Fig.  46.     Micrograph  Showing  Slip  Lines  in  Iron 

Magnification  80  diameters 
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bands  on  a  polished  surface  of  the  metal  after  the  application  of  repeated  stress. 
These  slip  bands  appear  after  a  small  number  of  reversals  of  stress  with  rela- 
tively large  loads,  and  may  not  appear  at  all  with  slight  loads.  The  slip  bands 
may  first  appear  either  in  the  interior  of  a  grain  or  at  the  grain  boundary.  As 
the  number  of  applications  of  stress  increases  more  slip  bands  appear,  and  those 
first  appearing  usually  lengthen  and  widen.  Under  the  microscope  and  with 
normal  illumination  the  general  surface  becomes  blacker  as  the  number  and 
width  of  the  slip  bands  increase.  In  ductile  metals  fatigue  failure  is  almost 
exclusively  through  the  grains  themselves  rather  than  at  the  grain  boundaries, 
and  the  first  slip  bands  to  appear  do  not  necessarily  form  a  part  of  the  final 
path  of  rupture.  Failure  seems  to  take  place  by  the  uniting  of  slip  bands  into 
cracks.  When  the  first  grain  develops  a  crack  extending  across  its  entire  width, 
added  stress  promotes  the  extension  of  this  crack  into  adjacent  grains  on  both 
sides,  although  the  orientations  of  these  grains  may  be  and  usually  are  such 
that  the  crack  must  extend  itself  at  an  angle  to  that  in  the  initial  grain.  The 
general  tendency  is  for  these  slip  bands  to  follow  the  lines  of  cleavage  of  the 
particular  grain  in  which  they  occur.  Often  incipient  fracture  is  found  in  many 
grains  adjacent  to  the  final  path  of  rupture,  indicating  that  had  rupture  not 
taken  place  where  it  did,  it  would  have  soon  taken  place  in  some  other  adjacent 
part. 

Such  observations  by  means  of  the  microscope  indicate  that  localized 
deformation  is  the  primary  cause  of  fatigue  failure  in  ductile  metals,  but  it 
does  not  necessarily  follow  that  the  formation  of  one  slip  band  under  repeated 
stress  will  indicate  eventual  fracture  if  the  loading  is  continued;  one  grain  may 
appear  to  have  a  greatly  reduced  elastic  limit  because  of  internal  strains  or 
peculiarly  unfavorable  orientation.  It  is  not  certain  that  there  is  a  limiting 
load  below  which  fatigue  will  never  take  place. 

Materials  classified  as  brittle  have  very  little  permanent  deformation  under 
static  stress,  and  under  repeated  stress  the  progressive  fracture  of  brittle  ma- 
terial might  take  place,  not  by  slipping  within  crystals,  but  by  tensile  fracture 
of  crystals.  There  has  been  practically  no  study  made  of  the  fracture  of  brittle 
materials  under  repeated  stress,  and  it  would  be  instructive  to  have  tests  carried 
out  on  brittle  amorphous  materials  such  as  fused  silica  and  on  brittle  crystal- 
line materials  like  marble  or  tungsten.  It  is  gradually  being  recognized  that 
the  breaking  load  of  a  specimen  is  a  complex  matter,  and  depends,  among  other 
things,  on  the  time  of  application  of  the  load.  Mere  duration  of  static  load- 
ing, however,  does  not  have  an  effect  at  all  comparable  with  repetition  of  load- 
ing in  reducing  the  breaking  load.  It  seems  evident  that  the  distribution  of 
stress  in  some  brittle  materials  is  very  much  less  uniform  than  in  ductile  ma- 
terials, and  that  fractures  in  brittle  materials  start  on  areas  of  high  stress, 
whereas  in  ductile  materials  the  high  stresses  are  relieved  by  local  yielding.  A 
more  complete  understanding  of  the  mechanism  of  rupture  in  brittle  materials 
would  doubtless  be  of  great  value. 

When  the  action  of  metal  under  repeated  stress  is  considered  from  the 
viewpoint  of  the  internal   strains  and  accompanying  stresses   in   the  material,   a 
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radical  difference  is  seen  in  the  behavior  of  material  under  static  load  and  under 
repeated  load.  In  a  general  way  we  may  consider  any  structural  or  machine 
part  as  subjected  to  static  conditions  if  the  load  on  it  is  applied  gradually  and 
is  not  repeated  more  than  a  few  hundred  times;  the  part  may  be  considered  as 
subjected  to  fatigue  if  the  load  on  it  is  applied,  say,  one  hundred  thousand 
times  or  more;  and  for  intermediate  conditions  of  loading  the  phenomena  charac- 
teristic of  both  kinds  of  loading  would  be  present. 

We  must  look  upon  steel  as  filled  with  a  multitude  of  minute  ilaws.  These 
flaws  are  developed  in  the  solidification  of  the  material.  In  static  testing,  steel 
under  stress  of  about  half  its  ultimate  strength  passes  into  a  semi-plastic  con- 
dition, in  which  there  is  a  gradual  flow  of  the  material.  Under  such  conditions 
the  small  flaws  have  almost  no  effect  upon  the  flow  or  upon  the  static  strength. 
When  steel  is  loaded  to  moderate  stresses  the  yielding  is  almost  entirely  elastic, 
but  in  general  a  small  portion  of  it  is  inelastic,  energy  being  taken  up  by  the 
steel  itself.  If  the  specimen  can  be  loaded  a  great  number  of  times  without 
heat  loss  its  temperature  will  increase.  If  it  is  set  vibrating  in  a  chamber  free 
from  air  it  will  stop  vibrating  in  a  short  time,  due  to  the  absorption  of  energy. 
In  such  cases  the  stress-strain  curve  appears  to  be  straight  and  the  curve  for 
the  removal  of  the  load  may  be  practically  identical  with  that  for  the  applica- 
tion of  load,  but  still  these  other  effects  show  loss  of  energy  in  the  steel  itself. 
This  loss  of  energy  is  doubtless  due  to  small  displacements  at  these  flaws, 
which  are  not  reversible.  Under  alternate  loadings  these  displacements  are  made 
back  and  forth.  Energy  is  continuously  being  absorbed  in  the  location  of  these 
small  flaws,  aud  it  is  perfectly  natural  that  they  should  increase  in  size.  We 
must  look  upon  these  extensions  of  the  flaws  as  occurring  in  a  great  many  parts 
of  the  steel.  If  the  stresses  are  small  the  increase  in  size  of  these  flaws  is  prac- 
tically negligible,  but  if  the  stresses  are  larger  the  increase  is  rapid,  and  later 
on  in  the  history  of  the  piece  under  test,  very  rapid,  and  finally  the  strength  of 
the  piece  is  terminated  when  a  sufficient  number  of  these  flaws  have  connected 
so  as  to  form  an  area  of  very  great  weakness. 

For  static  loads  all  the  above  is  of  little  consequence  with  a  ductile  metal; 
but  it  is  of  consequence  in  the  case  of  a  brittle  metal  like  cast  iron,  which  has 
a  remarkably  low  strength  in  tension  in  comparison  with  its  compressive  strength. 
Ductile  metals  may  be  considered  as  having  a  very  high  value  for  cohesion  with 
a  rather  low  coefficient  of  friction — or  whatever  corresponds  to  that — so  that 
these  metals  begin  to  slide  on  diagonal  planes  without  actual  fracture  under 
high   local   stress. 

When  a  ductile  material  is  loaded  it  may  be  subjected  to  stresses  whose 
average  values  for  small  areas  are  not  very  different  for  parts  that  are  a  tenth 
of  an  inch  apart;  but  there  is  a  multitude  of  tiny  spots  whose  fiber  stresses 
are  2,  3,  4,  or  10  times  the  average  value,  6i?  02)  2i«>.  This  holds  so  long  as 
elastic  conditions  obtain.  As  the  applied  stress  increases  some  of  these  stresses 
increase  in  like  ratio,  but  not  in  like  increments.  At  moderate  applied  stresses 
these  special  stresses  reach  inelastic  conditions  and  slipping  occurs.  If  the 
average  stress  is  now  entirely  removed,  we  may  assume  that  the  unloading  takes 
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place  in  a  similar  manner.  The  small  spots  unload  first  in  an  elastic  manner, 
but  at  a  different  rate  than  the  remainder  of  the  material.  They  will  unload 
approximately  at  the  same  rates  as  they  used  in  taking  stress,  namely,  2,  3,  4, 
or  10  times  the  normal  rate.  For  the  unloading  they  have  about  twice  the 
range  of  stress  that  they  had  in  the  loading  before  inelastic  action  is  set  up. 
Some  of  them  will  reach  the  opposite  limit  and  slip  part  way  back  again,  while 
some  of  them  may  not  be  subject  to  this  return  slip  of  inelastic  action,  but  will 
retain  in  the  unloaded  state  a  stress  distribution  of  the  opposite  kind.  Either 
of  these  actions  will  give  rise  to  hysteresis  and  to  slight  change  of  dimensions, 
usually,  however,  too  small  to  be  detected. 

In  all  of  the  foregoing  the  main  parts  of  the  material  have  not  been  sub- 
jected to  stresses  which  give  inelastic  action.  If  the  loading  is  repeated  with- 
out reversal,  the  spots  that  slipped  on  the  first  unloading  will  be  subjected  to 
further  slipping  both  on  loading  and  on  unloading,  but  the  areas  that  suffered 
no  slipping  on  the  first  unloading  should  show  no  further  inelastic  action  un- 
less the  loading  is  reversed.  If  the  loading  is  reversed,  however,  all  the  particles 
that  slipped  in  the  first  loading  will  slip  on  the  reverse  loading,  so  that  with 
repetition  a  larger  number  of  spots  undergo  this  slipping  action  than  is  the 
case  with  loading  which  is  not  reversed.  This  explains  the  shorter  life  under 
reversed   stress   than   under   repeated   stresses   in   one   direction   only. 

If  the  fractured  surface  of  a  "  rotating  beam ' '  specimen  made  of  ductile 
metal  and  broken  by  repeated  stress  is  examined,  it  is  usually  seen  to  be  made 
up  of  two  parts:  (1)  near  the  extreme  fibers  there  is  a  dark  surface  with  a 
dull,  lusterless  appearance,  while  (2)  the  remainder  of  the  surface  has  a  bright 
crystalline  fracture.  If  these  are  examined  more  carefully  it  is  found  that  their 
principal  difference  is  in  the  size  of  the  small  flat  surfaces  that  constitute  the 
fracture.  The  center  portion  of  the  area  has  comparatively  large  surfaces,  giv- 
ing a  crystalline  effect,  while  the  dull  gray  portion  has  very  small  surfaces  of 
fracture. 

An  explanation  of  this  is  that  the  flaws  in  the  outer  portion  of  the  sur- 
face have  connected  to  form  an  annulus,  whose  rugged  face  is  roughly  at  right 
angles  to  the  axis  of  rotation.  This  has  doubtless  occurred  slowly,  and  has 
started  from  many  centers,  thus  giving  the  rough  face.  After  this  slow  growth 
of  flaws  into  an  annular  fracture  has  been  accomplished  the  specimen  has  be- 
come very  weak  and  the  stresses  have  become  so  large  at  the  fracture  that  they 
suddenly  tear  the  metal  in  two  on  the  natural  surfaces  of  cleavage  of  the  crystal 
grains. 

The  center  portion  of  this  fractured  surface  does  not  differ  from  the  crys- 
talline surface  at  the  bottom  of  a  cup  in  an  ordinary  static  tension  fracture, 
except  that  the  crystalline  surfaces  are  somewhat  larger.  This  is  to  be  explained 
by  the  fact  that  in  an  ordinary  tensile  test  the  material  at  the  fracture  has 
elongated  something  like  100  per  cent,  so  that  the  crystal  grains  have  become 
of  smaller  cross-section  and  will  naturally  show  smaller  facets  on  fracture, 
whereas,  in  a  fracture  of  the  endurance  specimen,  the  material  has  had  no  chance 
to    elongate   and   the   crystalline   grains   have   their    normal    size,    which    will   be 
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shown  in  fracture.  It  is  not  the  crystalline  portion  of  the  broken  specimen 
which  has  failed  primarily  by  repeated  stress,  but  the  dull  portion.  In  the 
crystalline  part  of  the  fatigue  fracture  and  in  the  crystalline  part  of  the  static 
tension  fracture  the  failure  seems  to  be  of  the  same  nature,  namely,  a  failure  in 
cohesion. 

In  considering  the  phenomena  of  fatigue  failure  it  may  be  well  to  call  at- 
tention to  the  fact  that  there  is  an  intermediate  type  of  failure  of  ductile  material 
in  which  both  plastic  action  and  the  development  and  spread  of  microscopic  flaws 
are  present.  Such  failures  sometimes  occur  in  staybolts,  boiler  sheets  between 
rivet  holes,  and  other  parts  occasionally  subjected  to  very  severe  local  distortion. 


Localized  Stresses  Under  Static  Loading  and  Under  Impact  Loading 

When  a  machine  member  or  structural  part  is  loaded  gradually  a  state  of 
strain  and  accompanying  stress  is  set  up  throughout  it.  In  a  general  way  the 
distribution  of  stress  is  similar  to  that  given  by  the  theory  of  elastic  action 
which  serves  as  a  basis  of  our  formulae  for  computing  stress  and  strain.  There 
are,  however,  many  deviations  from  this  distribution  due  to  non-homogeneity  of 
the  material  and  to  irregularities  in  outline  such  as  projecting  corners,  scratches, 
and  tool  marks.  When  load  is  applied  the  general  behavior  of  the  piece  as 
indicated  by  careful  measurements  of  stretch,  compression,  twist,  or  flexure 
conforms  to  that  required  by  the  common  theory  of  elastic  action,  but  there 
are  doubtless  many  localized  strains  which  cannot  be  detected,  even  by  the  use 
of  delicate  micrometer  measurements.  It  is  to  be  recalled  that  in  measuring 
strains  it  is  necessary  to  use  a  gage  line  of  considerable  length,  with  the  result 
that  the  observed  strain  is  an  average  value  along  a  relatively  long  line.  The 
localized  stresses,  corresponding  to  these  undetected  localized  strains,  are  not 
of  any  great  importance  under  static  load.  When  the  load  is  increased  to  such 
an  extent  that  a  considerable  portion  of  the  piece  is  stressed  beyond  the  elastic 
limit,  the  distortion  of  the  piece  increases  abnormally  and  the  piece  may  be 
considered  to  have  reached  its  yield  point.  After  this  limit  is  passed  the  dis- 
tribution of  stress  is  much  modified,  and  for  parts  made  of  ductile  material  the 
abnormal  distortion  at  the  yield  point  usually  gives  warning  of  structural  dam- 
age before  complete  failure  occurs. 

Under  impact  loading,  which  is  merely  loading  applied  in  a  very  short 
space  of  time,  the  action  is  somewhat  similar  to  that  under  static  loading,  except 
that  ductile  material  may  offer  a  higher  resistance  to  very  rapid  fracture  than 
it  does  to  fracture  occurring  gradually  through  a  period  of  several  minutes. 
Impact  fracture,  moreover,  may  emphasize  somewhat  the  localized  stresses  set 
up  at  places  where  the  structure  of  the  material  is  non-homogeneous,  or  at 
places  where  there  are  sharp  notches  or  deep  scratches  in  the  surface  of  the 
piece.  Under  slowly  applied  load  there  is  opportunity  for  considerable  adjust- 
ment and  equalization  of  stress  after  the  yield  point  is  passed;  under  impact 
load  there  is  probably  less  equalization  on  account  of  the  rapidity  of  the  action, 
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and  hence  the  localized  stresses  are  higher  and  more  effective  in  causing  failure. 
This  explanation  of  the  action  under  impact  is  given  here  because  repeated 
stresses  also  emphasize  the  effect  of  high  localized  stress,  though  for  an  entirely 
different  reason. 


Tests  and  Criteria  for  Fatigue  Strength 

It  was  formerly  the  common  opinion  that  the  determination  of  the  elastic 
limit  of  a  material  by  means  of  a  static  test  in  a  testing  machine  gave  a  reliable 
test  for  the  fatigue-resisting  qualities  of  the  material,  and  that  the  material 
could  withstand  an  infinite  number  of  repetitions  of  stress  lower  than  this  elastic 
limit.  Tests  at  various  laboratories,  however,  have  quite  thoroughly  disproved 
this  idea,  and  have  thrown  grave  doubts  on  the  reliability  of  the  elastic  limit 
as  an  index  of  fatigue  strength.  The  term  "elastic  limit"  has  always  been 
rather  loosely  used,  and  covers  several  quite  different  stresses." (a)  The  value 
determined  for  the  elastic  limit  for  any  material  depends  on  the  sensitiveness 
of  instruments  used  and  the  accuracy  of  plotting  results,  and  the  elastic  limit 
as  determined  by  such  a  test  in  a  testing  machine  is  determined  by  the  average 
behavior  of  the  material  over  a  considerable  length,  while  the  process  of  fatigue 
failure  may  be  going  on  over  a  section  so  small  that  it  does  not  appreciably 
affect  the  readings  of  the  measuring  instruments  used.  In  several  laboratories 
comparative  repeated-stress  tests  of  different  materials  have  shown  higher  fa- 
tigue resistance  for  the  material  with  the  lower  elastic  limit.  23,  80  82 

Bauschinger  in  his  classic  experiments  showed  that  the  elastic  limits  in 
tension  and  compression  as  determined  by  ordinary  testing-machine  tests  were 
variable  limits,  their  value  depending  on  the  treatment  of  the  material  during 
fabrication.  He  called  such  limits  "primitive"  elastic  limits,  and  showed  that 
when  a  specimen  is  subjected  to  gradually  increasing  range  of  alternating  stress 
there  are  soon  set  up  two  elastic  limits  in  the  bar — one  in  tension  and  one  in 
compression.  He  called  these  limits,  which  may  have  values  widely  different 
from  the  "primitive"  elastic  limit,  the  "natural"  elastic  limits,  and  the  range 
between  them  the  "elastic  range."  He  also  showed  that  a  test  specimen  will 
stand  several  million  repetitions  of  this  elastic  range  of  stress  without  failure, 
and  proposed  the  "natural"  elastic  limits  as  indices  of  the  fatigue-resisting 
strength  of  the  material.  J.  H.  Smithio7(c)  has  developed  a  somewhat  simplified 
process  of  determining  the  elastic  range.  This  elastic  range  seems  a  more 
reliable  index  of  fatigue  strength  than  the  ordinary  "primitive"  elastic  limit, 
but  the  reliability  of  indices  of  fatigue  strength  based  on  determinations  of 
any  elastic  limit  by  testing-machine  tests  is  open  to  question  on  account  of  the 
possibility  that  localized  fatigue  failure  may  be  in  progress  without  affecting 
the  readings  of  the  instruments  used  in  static  tests. 

Wohler  used  as  an  index  of  fatigue  strength  the  "endurance  limit"  of 
material  as  determined  from  a  series  of  fatigue  tests  with  different  intensities 
of  stress.     He  used  the  method  of  plotting  values  of  stress  (S)  against  numbers 
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of  repetitions  required  for  fracture  (N)  and  determining  by  eye  where  this  S-N 
curve  became  ' '  practically  horizontal. ' '  Other  investigators  have  plotted  values 
of  S  against  values  of  1  /N  or  of  (1/N)n  and  by  extending  the  diagram  till  it 
intersected  the  axis  of  ordinates  have  determined  an  assumed  endurance  limit  for 
an  infinite  number  of  repetitions  of  stress.  Both  of  these  methods  involve  enor- 
mous extrapolation  of  test  data.  Moreover,  widely  different  endurance  limits 
can  be  determined  from  the  same  test  data  by  different  methods  of  plotting 
)*alues.83  The  tendency  to  irregularity  of  test  results  under  low  stresses  makes 
the  decision  whether  the  S-N  curve  is  horizontal  or  slightly  sloping  downward 
one  of  very  considerable  uncertainty. 

It  has  been  proposed  by  various  experimenters  to  compare  the  fatigue- 
resisting  qualities  of  different  metals  by  short-time  tests  with  stresses  well  be- 
yond the  yield  point  of  the  material.  Such  tests  are  quickly  and  easily  made. 
Under  such  stresses,  however,  the  action  of  the  material  is  partly  a  plastic  flow. 
Such  tests  give  good  promise  of  determining  fatigue  strength  and  toughness 
under  occasional  overload  for  parts  such  as  staybolts,  which  in  their  ordinary 
service  are  subjected  to  rather  severe  distortion,  but  it  is  not  at  all  certain  that 
such  tests  give  a  reliable  index  of  resistance  of  machine  parts  under  ordinary 
working   stresses.80 

It  has  been  proposed  by  various  laboratories  to  compare  the  fatigue 
strengths  of  various  materials  by  comparing  their  life  under  repetitions  or 
reversals  of  some  standard  stress,  usually  less  than  the  elastic  limit  of  the 
material  as  determined  by  a  static  test.  A  somewhat  similar  standard  proposed 
is  to  determine  the  stress  which  will  cause  failure  under  a  given  number  of 
reversals.  Standard  stresses  proposed  for  steel  are  38  000  pounds  per  square 
inch  (reversal)  and  25  000  pounds  per  square  inch  (reversal).  One  million  re- 
versals has  been  proposed  as  a  standard  "life."  These  two  types  of  test 
approach  working  conditions  more  closely  than  do  the  short-time,  high-stress 
tests  described  above.  However,  they  determine  only  one  point  on  a  S-N  dia- 
gram for  a  material  and  do  not  indicate  how  fatigue  endurance  changes  with 
change  of  stress. 

A  comparative  study  of  fatigue  strengths  of  various  materials  can  be 
made  from  a  S-N  diagram  plotted  on  logarithmic  paper.  Up  to  about  1  000  000 
repetitions  of  stress  logarithmic  S-N  diagrams  fall  quite  closely  along  straight 
lines,  and  from  the  ordinates  and  slopes  of  these  lines  the  behavior  of  materials 
under  various  intensities  of  stress  can  be  studied.  Tests  may  conveniently  be 
made  with  stresses  at  about  the  yield  point  of  the  material,  at  stresses  about 
20  per  cent  lower,  and  at  one  or  two  intermediate  stresses. 

Various  other  possible  tests  have  been  proposed  for  determining  the  fatigue- 
resisting  strength  of  a  material,  but  no  test  has  been  proved  to  be  of  sufficient 
reliability  to  be  accepted  as  a  standard.  A  number  of  tests,  however,  seem 
worthy  of  experimental  study. 

The  rate  of  dying  out  of  vibrations  in  a  "tuning  fork"  specimen  of  the 
material  has  been  suggested  as  a  possible  index  of  fatigue  strength. is  It  is 
assumed  that  the  gradual  dying  out  of  vibration  is  due  largely  to  loss  of  energy 
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spent  in  inelastic  action  in  the  material,  and  that  such  inelastic  action  is  a 
measure  of  the  fatigue  weakness  of  the  material.  Test  data  are  lacking  to  deter- 
mine the  value  of  this  test,  but  it  seems  worthy  of  study. 

Tests  of  magnetic  permeability  have  also  been  proposed  to  locate  internal 
flaws  in  the  material  and  thus  indicate  its  relative  fatigue  strength.  The  entire 
subject  of  the  correlation  of  the  magnetic  and  the  mechanical  properties  of  iron 
and  steel  is  a  promising  field  of  investigation.^ 

The  rise  of  temperature  under  repeated  stress  has  likewise  been  proposed 
as  a  measure  of  fatigue  resistance.ns*1"  Theoretically,  if  a  specimen  is  sub- 
jected to  reversed  elastic  stress  no  change  in  temperature  should  take  place,  and 
it  has  been  proposed  to  determine  the  endurance  limit  for  metals  at  that  stress 
which  causes  the  first  noticeable  rise  in  temperature  after  some  thousand  or 
more  reversals.  A  practical  difficulty  in  using  this  test  is  to  secure  proper  heat 
insulation  for  the  specimen.  This  test  seems  worthy  of  study,  however,  espe- 
cially if  employed  in  an  inertia  type  of  testing  machine  (see  Fig.  45[c]  and  [d]). 
The  detection  of  the  appearance  and  growth  of  "slip  lines"  in  a  speci- 
men subjected  to  repeated  stress  gives  some  promise  of  furnishing  a  reliable  test 
for  fatigue  strength.  Slip  lines  appear  long  before  fracture  occurs,  and  if  their 
appearance  or  the  rate  of  their  spread  can  be  shown  to  be  an  index  of  fatigue 
strength  it  seems  possible  that  a  feasible  laboratory  test  may  be  devised.  The 
search  for  slip  lines  over  any  considerable  area  would,  however,  be  very  tedious. 
Impact  tests,  usually  on  notched  bars  in  bending,  have  been  proposed  as 
an  index  of  fatigue  strength.  The  actions  under  impact  failure  and  under 
repeated  stress  are  very  different,  the  first  giving  a  sudden  break  of  the  entire 
cross-section  of  the  specimen,  and  the  second  a  gradually  developing  fracture. 
Both  failures,  however,  seem  to  be  affected  by  localized  flaws  or  irregularities 
in  outline,  and  though  no  definite  correlation  between  fatigue  strength  and 
strength  to  resist  impact  has  been  established,  yet  such  tests  are  worthy  of  study. 
Bepeated-impact  tests  have  also  been  proposed  to  determine  fatigue  strength, 
but  whether  such  tests  have  any  advantage  over  short-time  tests  under  non- 
impact loads  is  not  known. 

In  all  tests  to  determine  fatigue  strength  it  is  of  the  highest  importance 
to  secure  uniformity  of  surface  finish  between  the  different  specimens  to  be 
compared.  Probably  this  can  best  be  done  by  polishing  the  surface  of  the 
specimens  where  failure  is  expected. 

There  is  today  no  short-time  test  accepted  as  a  standard  test  for  fatigue 
strength;  but  the  development  of  such  a  test,  and  the  establishment  of  its 
reliability,   would  unquestionably  be  of  very  great  service  to   testing   engineers. 


Localized  Stress  and  Its  Influence  in  Producing  Fatigue 

The  ordinary  formula?  and  methods  of  analysis  used  in  computing  the 
fiber  stress  in  a  machine  part  or  structural  member  are  based  on  the  assump- 
tion   that   the  material   is   homogeneous   throughout,   and    that   the   cross-section 
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of  the  member  is  either  constant  or  that  it  changes  its  dimensions  so  regularly 
and  gradually  that  there  is  no  appreciable  localized  fiber  stress  at  sections  of 
rapid  change.  For  structures  and  machines  of  ductile  material  subjected  to 
not  more  than  a  few  hundred  loadings,  such  assumptions  are  reliable,  because 
localized  stresses  do  not  appreciably  affect  the  general  deformation  of  a  mem- 
ber, nor  do  they  under  ordinary  working  conditions  cause  trouble  before  the- 
member  has  been  subjected  to  some  thousand  or  more  repetitions  of  load.  For 
nearly  all  parts,  however,  high  localized  stresses  are  present.  Internal  flaws  may 
cause  such  localized  stresses.  This  is  shown  by  mathematical  analysis  of  stress 
in  plates  with  holes  in  them^i  and  by  direct  experiment  on  such  plates.92,  21<)) 
External  irregularities  of  outline  may  cause  localized  stress.  Under  bending 
or  twisting  a  member  with  a  sharp  reentrant  angle  in  its  outline  theoretically 
develops  an  infinite  stress  at  the  root  of  the  angle,29  and  actually  both  mathe- 
matical analysis  and  direct  experiment  show  that  very  high  localized  stress  may 
be  caused  by  sharp  grooves  or  scratches  on  the  surface  of  a  machine  part  or 
structural  member. 

It  has  been  stated  above  that  for  parts  subjected  to  a  few  loadings  local- 
ized stresses  are  not  of  groat  significance.  The  case  is  quite  different,  however, 
for  parts  subjected  to  thousands  of  loadings.  High  localized  stress  may  cause 
a  crack  to  start,  either  directly  or  by  "cold-working"  the  material  where  the 
localized  stress  exists  until  the  material  becomes  brittle.  This  crack  forms  an 
extension  of  the  discontinuity  of  the  material  which  caused  it,  and  under  re- 
peated stress  tends  to  spread  still  more  rapidly.  This  tendency  is  illustrated 
by  the  action  of  a  piece  of  plate  glass  in  which  a  crack  has  started.  In  most 
cases  under  any  repetition  of  load  the  crack  spreads,  and  will  cause  final  fracture 
of  the  glass.  A  fatigue  failure  under  repeated  stress  is  a  progressive  failure. 
This  spreading  of  cracks  to  cause  failure  explains  why  under  fatigue  even  duc- 
tile materials  snap  short  off.  Failure  does  not  involve  plastic  flow  of  consider- 
able masses  of  metal,  but  only  of  microscopic  masses  near  the  crack,  and  final 
fracture  comes  suddenly  just  as  if  the  member  were  cut  half  off  by  means  of  a 
saw  cut  and  then  bent.  The  importance  of  avoiding  localized  high  stress  in 
members  subjected  to  repeated  stress  can  hardly  be  overemphasized.  Homo- 
geneity of  internal  structure,  smoothness  of  external  surface,  and  avoidance  of 
sudden  changes  of  cross-section  may  be  more  important  in  the  construction  of 
machine  parts  subjected  to  repeated  stress  than  is  high  static  strength  of  material. 

Shoulders  of  crankshafts  and  of  axles,  keyways  in  shafts,  screw  threads, 
and  rivet  holes  are  examples  of  locations  where  high  localized  stress  is  liable 
to   occur. 


Relation  Between  Microscopic  Structure  and  Fatigue 

A  very  large  field  of  investigation  and  one  in  which  very  little  systematic 
work  has  been  done  is  the  study  by  means  of  the  microscope  of  fatigue  failures  in 
various  characteristic  structures  of  metals,  especially  steels.  The  following  para- 
graphs are  given  as  a  summary  of  the  theory  held  by  present-day  metallogra- 
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phists  of  the  relation  of  microstructure  of  metal  to  its  fatigue  strength.     Many 
of  the   details  of  this  theory,  however,  lack   adequate   experimental   verification. 

Annealed  steel  consisting  of  ferrite  (pure  iron)  and  cementite  (iron  car- 
bide, Fe  C)  seems  to  increase  in  resistance  to  fatigue  with  the  increase  in  carbon 
content,  especially  when  the  cementite  is  present  in  the  form  of  plates  as  in 
lamellar  pearlite  and  as  long  as  the  cementite  does  not  surround  the  grains 
of  pearlite.  When  the  cementite  is  spheroidized,  the  elastic  limit  is  greatly  de- 
creased and  probably  the  resistance  to  fatigue  is  also  decreased.  As  a  structural 
material,  therefore,  a  steel  with  considerable  carbon  in  the  form  of  spherical 
globules  of  iron  carbide  would  have  practically  no  advantages  over  wrought  iron. 
When,  however,  the  iron  carbide  is  in  plates  it  seems  to  have  a  marked  effect  in 
raising  the  elastic  limit,  and  probably  increases  the  resistance  to  fatigue.  We 
would  also  expect  that  complete  and  large  networks  of  ferrite  would  lower  fa- 
tigue resistance. 

The  same  arguments  regarding  grain  size  of  single  constituent  metals  hold 
to  a  certain  extent  for  two  component  alloys.  For  example,  such  experimental 
evidence  as  is  available  indicates  that  the  sorbitic  structure  in  steel  is  the  one 
which  resists  fatigue  best.  This  structure  is  supposed  to  represent  an  extreme 
refinement  of  grain  in  which  the  particles  of  iron  carbide  are  very  small,  and 
hence  the  particles  of  ferrite  must  also  be  very  small.  It  is  true  that  some  of 
the  iron  carbide  may  be  in  solution  in  the  iron,  but  it  is  more  probable  that  the 
mechanical  properties  observed  can  be  accounted  for  by  an  extreme  reduction 
in  the  size  and  by  the  dispersion  of  ferrite  and  cementite  particles.  When  these 
globules  are  made  larger  by  heating  to  a  higher  temperature  than  that  at  which 
the  sorbite  was  formed,  granular  pearlite  results  with  reduced  fatigue  resistance. 

When  a  high-carbon  steel  is  quenched  from  above  the  critical  range  to 
form  martensite,  the  metal  becomes  extremely  brittle.  The  normal  path  of 
static  rupture  in  brittle  martensite  is  at  the  old  austenite  (solid  solution  of  Fe  C 
in  gamma  iron)  grain  boundaries.  The  path  of  rupture  in  fatigue  Las,  so  far 
as  is  known,  not  been  ascertained.  From  certain  tests  on  the  resistance  to 
fatigue  of  chrome-vanadium  steel  after  various  heat  treatments,  Dr.  C.  M.  Olm- 
stead,  of  the  C.  M.  O.  Physical  Laboratories,  Buffalo,  found  that  the  steel  in 
the  martensitic  state,  that  is,  as  quenched,  had  a  very  much  lower  resistance 
to  fatigue  than  after  reheating  to  about  1100  degrees  F.  The  maximum  resist- 
ance to  fatigue  occurred  by  quenching  and  reheating  to  1000-1200  degrees  F. 
(538-648  degrees  C),  and  there  was  very  little  difference  between  the  speci- 
mens tempered  at  1000  degrees  and  at  1200  degrees.  There  was  a  marked  dif- 
ference, however,  between  these  and  the  samples  tempered  at  lower  tempera- 
tures or  those  not  tempered  at  all.  This  is  the  heat  treatment  that  is  commonly 
given  to  automobile  parts  which  must  withstand  fatigue  stresses,  and  which  may 
be  subjected  to  shock.  The  tempering  of  springs  is  done  at  a  little  lower  tem- 
perature, but  it  is  not  certain  that  the  spring  structure  is  the  one  having  the 
highest  resistance  to  continued  repetition  of  stresses. 

It  seems  from  the  above  that  martensite  is  not  a  suitable  material  to 
withstand  fatigue   stresses,   and  that   some   intermediate   structure   between   mar- 
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tensite  and  the  annealed  or  normalized  structure  will  have  the  maximum  resist- 
ance to  fatigue.  This  structure  is  called  the  sorbitic  structure  and  corresponds 
to  that  used  in  automobile  springs  and  other  parts  of  automobiles  which  must 
resist  fatigue  and  shock  stresses. 

Formula  for  Designing  Parts  Subjected  to  Kepeated  Stress 

All  formula?  which  have  been  proposed  for  designing  parts  subjected  to 
repeated  stress  depend  upon  extrapolation  from  test  results  and  should  there- 
fore be  regarded  as  tentative.  Their  use  is  justified  only  on  the  ground  of 
necessity.  Parts  must  be  designed  to  resist  repeated  stress,  and  even  formulae 
derived  from  a  confessedly  inadequate  experimental  basis  seem  better  than  mere 
guesswork.     Two  types  of  formula  have  been  used.fi8((1V9<b) 

In  many  discussions  of  data  of  repeated  stress  tests,  it  is  assumed  that 
there  exists  some  definite  "endurance  limit,"  that  is,  some  stress,  greater  than 
zero,  which  can  be  repeated  an  infinite  number  of  times  without  causing  failure 
of  the  material.  If  such  a  limit  exists  it  is  certainly  lower  than  the  elastic  limit 
of  the  material  as  determined  by  static  tests,  for  actual  failures  of  materials 
have  occurred  under  repeated  nominal  stresses  as  low  as  one-quarter  of  the  elas- 
tic limit  as  determined  by  a  static  test.  Examination  of  test  data  indicates  that 
the  endurance  limit  is  an  assumption  rather  than  a  proved  fact.  It  is  usually 
determined  by  plotting  a  diagram  with  stresses  as  ordinates  and  number  of 
repetitions  producing  failure  as  abscissas  and  estimating  the  stress  for  which 
the  diagram  seems  to  become  horizontal.  Various  other  methods  have  been  pro- 
posed, but  all  involve  this  assumption.83 

In  1910  a  papers  presented  before  the  American  Society  for  Testing  Ma- 
terials pointed  out  that  an  examination  of  the  results  of  numerous  series  of 
repeated-stress  tests  indicates  that  for  nearly  all  the  range  covered  the  law  of 
resistance  to  repeated  stress  may  be  expressed  by  the  equation: 

S=EN-m [1] 

in  which  S  is  the  maximum  unit  stress  developed  in  the  test  piece,  N  the  num- 
ber of  repetitions  of  stress  necessary  to  cause  failure,  and  K  and  m  are  con- 
stants depending  on  the  material  and  somewhat  on  the  manner  of  making  the 
test.     This  is  known  as  the  "exponential  equation  for  repeated  stress." 

Another  form  of  expression  for  the  above  equation,  and  frequently  more 
convenient,  is: 

log  S=log  K— m  log  N [2] 

If  the  logarithms  of  S  and  N  are  plotted,  or  if  the  values  of  S  and  N  are 
plotted  on  logarithmic  cross-section  paper,  Equation  [2]  is  represented  by  a 
straight  line.  Fig.  36  shows  the  S-N  diagram  given  by  a  series  of  repeated- 
stress  tests.  In  Fig.  36(a)  ordinary  coordinates  are  used,  but  in  Fig.  36(c) 
the  coordinates  are  logarithmic.  For  large  values  of  N  the  exponential  equa- 
tion, which  is  represented  by  the  inclined  line  of  the  diagram,  would  give  values 
of  S  smaller  than  the  observed  values;  in  other  words,  the  exponential  formula 
seems  to  err  on  the  side  of  safety. 
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It  will  be  noted  that  the  use  of  the  exponential  formula  involves  the 
assumption  that  any  stress  if  repeated  often  enough  will  eventually  produce 
failure  of  the  material.  Thus  while  both  the  endurance  limit  and  the  exponential 
formula  are  based  on  extrapolation  from  known  data,  the  exponential  formula 
seems  to  be  an  assumption  on  the  safe  side.  The  working  stresses  as  developed 
by  the  two  methods  do  not  differ  greatly  except  for  members  subject  to  more 
than  ten  million  repetitions  of  stress.  Above  that  number  the  exponential 
formula  requires  lower  working  stress,  but  even  then  the  stresses  given  by  the 
exponential  formula  are  not  impracticably  low. 

While  nothing  but  tentative  formulae  can  be  proposed  now,30  some  features 
which  a  satisfactory  formula  for  fatigue  strength  should  include  may  be  noted. 
It  is  probable  that  such  a  formula  for  any  material  will  not  depend  on  ordinary 
static  qualities  of  the  material  such  as  elastic  limit  or  tensile  strength.  It  may 
depend  on  some  form  of  elastic  limit  determined  after  the  material  has  been 
put  in  a  "  cyclic "  or  "  normalized ' '  state  by  a  number  of  reversals  of  stress. 
Such  a  formula  will  quite  probably  contain  factors  dependent  on  the  surface 
finish  of  the  part  and  upon  the  uniformity  and  regularity  of  its  crystalline 
structure.  It  will  "contain  a  factor  dependent  on  the  range  of  stress  during  a 
cycle.  Such  a  formula  may  contain  a  factor  dependent  on  the  probable  number 
of  repetitions  of  stress  which  the  part  may  be  expected  to  withstand  during  a 
normal  period  of  service,  or  the  result  may  be  an  "endurance  limit" — a  stress 
which  the  part  is  capable  of  withstanding  so  many  times  that  even  for  modern 
high-speed  machinery  the  number  of  repetitions  may  be  regarded   as  infinite. 
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APPENDIX   C 
Glossary  of  Technical  Terms 

A  steel  which  owes  its  characteristic  properties  chiefly  to 
the  presence  of  an  element  or  elements  other  than  carbon. 
In    the    present    investigation    the    two    alloy    steels    tested 
were  nickel  steel  and  chrome-nickel  steel. 
See  Heat  Treatment. 
See  Metallography. 

A  moment  is  equivalent  to   the   product  of  a  force  multi- 
plied by  a  distance,  and  is  measured  in  inch-pounds  or  in 
foot-pounds.     The  bending  moment  at  any  cross-section  of 
a  piece  under  flexure  measures  the  tendency  to  cause  flex- 
ural   failure,  and  is  equal  in  magnitude  to  the  summation 
of   the   moments   of   the    forces   on    one    side    of   the    cross- 
section. 
See  Hardness. 
See  Metallography. 
See  Impact  Test. 
See  Cold  Working. 
See  Cold  Working. 
See  Byrometer. 
See  Cold  Working. 
See  Cold  Working. 

Changing  the  shape  of  steel  parts  by  compressing,  stretch- 
ing, bending,  or  twisting,  using  stresses  beyond  the  yield 
point  and  temperatures  below  the  critical  range.  Cold- 
drawn  steel  is  finished  by  being  drawn  through  a  die, 
while  cold-rolled  steel  is  finished  between  rollers. 
See  Deformation. 

An  alloy  of  copper  and  nickel  used  in  thermo-couples. 
See  Metallography. 
See  Metallography. 
See  Bepeated  Stress. 

Change  of  form  of  a  member  accompanying  the  applica- 
tion of  external  load.  The  term  strain  is  used  in  this 
bulletin  as  synonymous  with  deformation.  Deformations 
may  be  stretches  under  tension,  compressions  under  com- 
pressive load,  deflections  under  bending  (or  flexure),  twists 
under  torsional  moment,  or  detrusions  under  shear.  Twist 
is  a  special  case  of  shearing  detrusion.  The  deformation 
per  unit  of  length  over  any  gage  length  on  a  specimen  is 
called  the  unit  deformation  or  unit  strain. 
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Detrusion 

Drawing 

Ductility 


Elastic  Limit 


See  Deformation. 
See  Heat  Treatment. 

Ability  to  withstand  stretch  without  rupture.  Ductility 
is  usually  measured  by  the  percentage  of  elongation  after 
rupture  over  a  gage  length  laid  off  on  a  specimen  before 
stretching,  or  by  the  reduction  of  area  of  the  original 
cross-section  of  a  specimen  when  tested  in  tension. 
The  term  ' '  elastic  limit ' '  is,  unfortunately,  used  very 
loosely  in  general  practice.  In  this  bulletin  the  term  elas- 
tic limit  or  set  elastic  limit  is  used  to  denote  the  highest 
unit  stress  at  which  material  will  completely  recover  its 
form  after  the  stress  is  removed.  Proportional  limit,  or 
proportional  elastic  limit,  is  used  to  denote  the  highest 
unit  stress  at  which  stress  is  proportional  to  deformation. 
The  values  found  for  both  elastic  limit  and  proportional 
limit  are  dependent  on  the  accuracy  of  apparatus  used  and 
the  precision  of  plotting  stress-strain  diagrams.  For  prac- 
tical purposes  elastic  limit  and  proportional  limit  may  be 
regarded  as  interchangeable  terms.  The  yield  point  is 
that  unit  stress  at  which  material  shows  a  sudden  marked 
increase  in  the  rate  of  deformation  without  increase  in 
load.  It  is  usually  determined  by  the  sudden  drop  in  the 
balance  beam  of  the  testing  machine  as  strain  is  applied 
to  the  specimen  at  a  uniform  rate,  or  by  a  sudden  in- 
crease of  deformation  which  can  be  seen  by  the  use  of  a 
pair  of  dividers  on  the  specimen.  The  "FR"  point  re- 
ferred to  in  this  bulletin  is  a  special  limit  determined  by 
very  delicate  flexure  tests.  The  method  of  determining  it 
is  described  in  the  reference  given  in  connection  with  the 
text. 

See  Ductility. 

In  this  bulletin  the  term  endurance  is  used  to  denote  the 
number  of  cycles  of  repeated  stress  withstood  by  a  speci- 
men before  failure. 

The  highest  unit  stress  which,  applied  in  cycles  of  com- 
pletely reversed  stress,  can  be  withstood  an  indefinite  num- 
ber of  times  without  failure.  If  an  S-N  diagram  for  a 
series  of  reversed- stress  tests  is  plotted  to  logarithmic  co- 
ordinates the  endurance  limit  is  the  unit  stress  at  which 
the  diagram  abruptly  changes  direction  from  a  sloping 
line  to  a  horizontal  line. 

Endurance  Strength  ...  A  general  term  denoting  ability  to  resist  repeated 
stress;    synonymous  with  fatigue  strength. 

Extensometer  .  .  An  instrument  for  measuring  small  changes  of  length  of 
specimens   under   tension.      Sometimes   the   term    is   loosely 


Elongation 
Endurance 


Endurance  Limit 
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used    to    denote   any   instrument   for    measuring   small    de- 
formations of  material. 

Fatigue  ....  The  action  -which  takes  place  in  material  causing  failure 
after  a  large  number  of  applications  of  stress.  Failures 
due  to  fatigue  are  characterized  by  their  suddenness,  and 
by  the  absence  of  general  deformation  in  the  piece  which 
fails. 

Fatigue  Limit    .     .     See  Endurance  Limit. 

Fatigue  Strength.     See  Endurance  Strength. 

Ferrite See  Metallography. 

Ferrous  Metals  .  Metals  whose  principal  ingredient  is  iron.  The  common 
ferrous  metals  are:  wrought  iron,  cast  iron,  malleable  cast 
iron,  and  steel. 

Fillet A   curved   surface   at   the   junction   of   two   different   sized 

parts  of  a  machine  member.     The  use  of  a  fillet  prevents 
a  sharp   shoulder  at  the  junction. 

Flaw In  this  bulletin  this  term  is  used  to  denote  any  defect  in 

metal,  either  a  surface  defect  or  a  defect  in  grain  structure. 

Flexure     ....     See  Deformation. 

"FR"  Point.     .     .     See  Elastic  Limit. 

Grain See  Metallography. 

Hardness  ....  The  term  hardness  is  used  with  a  variety  of  meanings.  In 
this  bulletin  it  is  used  to  denote  resistance  to  penetration. 
The  two  common  tests  for  hardness  are  the  Brinnel  test 
and  the  scleroscope  test.  In  the  Brinnel  test  a  hardened 
steel  ball  of  a  standard  diameter  is  forced  against  the 
surface  of  a  test  specimen,  using  a  standard  pressure. 
The  diameter  or  the  depth  of  the  resulting  impression  is 
an  inverse  measure  of  the  hardness.  In  the  scleroscope 
test  a  small  weight  fitted  with  a  diamond  point  is  allowed 
to  fall  from  a  standard  height  upon  the  surface  of  the 
specimen,  thus  causing  a  minute  indentation.  The  height 
of  rebound  is  a  measure  of  the  hardness. 

Heat  Treatment    .     Heat  treatment  of  steel  is  the  proper  control  of  heating 
and  cooling  so  as  to  produce  the  desired  structure   (pearl- 
itic,  sorbitic,  etc.),  and  includes: 
Annealing,  which  consists  in  very  slow  cooling  from  above  the  criti- 
cal range,  and  which  gives  a  large-grained,  soft,  pearlitic 
structure; 
Normalizing,  which  consists  in  cooling  from  above  the  critical  range 
in  still  air,  and  which  gives  a  fine-grained,  pearlitic  struc- 
ture ; 
Oil   Quenching,    which    consists   in    cooling   from    above    the    critical 
range   by   cooling  in   oil   at   room   temperature,   and   which 
yields   steel   of    sorbitic   or   troostitic   structure,    depending 
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on  the  carbon  content  (certain  special  alloy  steels  yield  a 
martensitic  structure  or  even  an  austenitic  structure  with 
oil  quenching)  ; 
Water  Quenching,  which  consists  in  cooling  from  above  the  critical 
range  by  cooling  in  water  at  room  temperature,  and  which 
yields  steel  of  martensitic,  troostitic,  or  sorbitic  structure, 
depending  on  the  carbon  content  (certain  special  alloy 
steels  yield  a  martensitic  or  an  austenitic  structure  with 
water  quenching)  ; 
Drawing,  which  consists  in  reheating  quenched  steel  to  a  temperature 
slightly  below  the  critical  range  and  then  cooling.  This 
process  tends  to  bring  martensitic,  troostitic,  or  sorbitic 
steel  towards  the  pearlitic  state,  and,  by  varying  the  tem- 
perature of  drawing,  it  is  possible  to  control  the  state  of 
the  steel  with  a  good  degree  of  precision. 

Other  liquids  are  sometimes  used  for  quenching  steel; 
such  as  molten  lead,  molten  barium  chloride,  ice  water,  and 
brine. 

Alloying  elements,  including  carbon,  slow  up  the  tran- 
sition period  so  that  high-carbon  steels  and  alloy  steels 
are  more  susceptible  to  heat  treatment  than  are  low-carbon 
steels.     See  Metallography. 

Hysteresis,  Mechanical  ...  If  load  is  applied  to  a  specimen,  and  is  re- 
moved, then,  if  the  specimen  is  perfectly  elastic  under  the 
stress  caused  by  the  load,  the  energy  expended  in  loading 
the  specimen  is  all  given  back  when  the  load  is  removed.  If 
the  specimen  is  not  perfectly  elastic  under  the  stress  caused 
by  the  applied  load,  then  some  of  the  energy  applied  is 
dissipated  as  heat.  This  dissipated  energy  is  called  me- 
chanical hysteresis,  and  is  measured  by  the  area  of  the 
loop  between  the  stress-strain  diagram  for  application  of 
load  and  the  stress-strain  diagram  for  release  of  load. 

Impact  Test  ...  A  test  in  which  a  specimen  is  subjected  to  a  very  sud- 
denly applied  load.  In  the  machines  commonly  used  for 
making  impact  tests  of  steel  specimens  the  sudden  load 
is  applied  by  the  blow  of  a  swinging  pendulum.  The 
three  testing  machines  in  common  use  for  this  test  are  the 
Charpy,  the  Izod,  and  the  Olsen.  Impact  tests  in  flexure 
are  usually  made  on  small  beams  of  steel  with  a  sharp 
notch  in  them,  because  an  unnotched  beam  would  bend 
without  fracturing;  such  tests  being  sometimes  called 
notched-bar  tests.  Impact-tension  tests  are  also  sometimes 
made.  In  the  three  machines  mentioned  above  enough  en- 
ergy is  stored  in  the  raised  pendulum  to  break  the  specimen 
with   a    single   blow.      Impact    tests    using   repeated   blows 
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to  fracture  the  specimen  are  also  made.  A  well  known 
machine   for  making   such  tests  is  the   Stanton   machine. 

IK0N For  the   distinction   between   iron   and  steel,   see   Steel. 

Izod  Test  ....     See  Impact  Test. 

Logarithmic  Coordinates     .     .     .    Coordinates  for  plotting  results  of  tests  in 
which  the  scale  used  is  proportional  to  the  logarithms  of  the 
values   plotted.     Logarithmic   coordinates  have  been   found 
useful  in  plotting  the  results  of  repeated-stress  tests. 
See  Metallography. 
See  Metallography. 

Metallography  deals  with  the  physical  state  and  the  proxi- 
mate constituents  of  a  metal  or  an  alloy.  It  has  to  do 
with  the  physical  grouping,  distribution  of  constituents, 
and  relative  dimensions  of  the  substances  as  revealed  by 
microscopic  examination.  It  may  be  characterized  as  a 
study  of  the  anatomy  of  metals. 

Steel  is  an  alloy  the  essential  constituents  of  which 
are  iron  and  carbon,  the  latter  being  the  controlling  ele- 
ment. The  carbon  exists  in  steel  as  a  carbide  of  iron, 
Fe  C,  to  which  the  name  cementite  is  applied.  The  free 
iron  or  ferrite,  together  with  the  cementite,  has  the  power 
of  forming  a  conglomerate  called  pearlite,  a  very  intimate 
mechanical  mixture  composed  of  about  7  parts  of  ferrite 
to  one  part  of  cementite.  If  molten  iron  is  cooled  there 
is  formed  first  a  solution  of  carbon  in  molten  iron,  then 
as  the  metal  solidifies  the  carbon  exists  as  cementite  in 
solid  solution  in  the  iron.  This  solid  solution  is  called 
austenite,  and  it  crystallizes  into  imperfect  crystals  or 
grains.  With  further  cooling  the  steel  passes  through  a 
critical  or  transformation  range  of  temperature  (extreme 
range  about  1650  degrees  F.  to  1250  degrees  F.),  and  the 
two  constituents  of  the  metal  pass  successively  through 
several  transition  stages,  namely:  martensite,  in  which  long 
needle-like  crystals  are  formed,  giving  a  very  hard  and 
brittle  substance;  troostite,  in  which  dark  colored  masses 
resembling  sorbite  (see  below)  are  surrounded  by  a  ground- 
work of  martensite,  the  troostitic  state  yielding  a  sub- 
stance hard  but  tougher  than  the  martensitic;  sorbite,  in 
which  cementite  and  ferrite  are  in  a  state  resembling  an 
emulsion,  yielding  a  substance  fairly  hard  and  very  tough ; 
and  pearlite,  in  which  ferrite  and  cementite  exist,  usually  in 
stratified  layers  or  bands.  If  the  steel  has  a  carbon  content 
of  about  0.90  per  cent  all  the  grains  will  be  pearlite;  if 
the  carbon  content  is  lower  than  0.90  per  cent  there  will 
be  grains  of  pearlite  and  grains  of  ferrite;    if  the  carbon 
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content  is  greater  than  about  0.90  per  cent  there  will  be 
grains  of  pearlite  and  grains  of  cementite. 

The  presence  of  carbon  or  of  other  alloying  elements 
slows  clown  the  process  of  transition.  By  varying  the  rate 
of  quenching  steel  the  transition  process  may  in  general 
be  halted  at  any  desired  stage,  and  the  resulting  cooled 
steel  may  be  given  any  desired  characteristic  structure. 
See  Heat  Treatment,  Micrograph. 

Micrograph  .  .  .  Micrographs  are  obtained  by  polishing  the  surface  of  a 
metal,  etching  the  polished  surface  with  a  suitable  reagent 
to  bring  out  the  metallographic  structure,  then  reproduc- 
ing, usually  by  photographic  methods,  the  appearance  of 
the  surface  as  seen  through  a  microscope.  Photomicro- 
graph and  microphotograph  are  terms  sometimes  used  for 
micrographs  made  by  a  photographic  process. 

Millivoltmeter  .  .  An  electrical  instrument  for  measuring  small  electric  po- 
tentials. Used  for  measuring  the  small  voltages  of  thermo- 
couples  developed  by   changes   of   temperature. 

Non-Ferroits  Metals  .  .  .  Metals  in  which  iron  is  not  a  constituent,  or  is 
only  present  in  very  small  quantities. 

Stress  above  any  given   limit   of   safety,   used   in  this  bul- 
letin in  general,  to  denote  stress  above  the  endurance  limit. 
.     .     See  Metallography. 
.     .     See  Metallography. 

.  .  An  instrument  for  measuring  high  temperatures.  In  this 
investigation  the  pyrometers  used  were  of  the  thermo- 
electric type,  which  utilizes  the  electromotive  force  gen- 
erated by  a  junction  of  two  dissimilar  metals  when  exposed 
to  heat.  In  each  pyrometer  there  were  two  junctions  each 
made  by  welding  together  wires  of  the  two  dissimilar 
metals,  platinum  and  platinum-rhodium  for  example. 
One  junction  is  then  exposed  to  the  temperature  to  be 
measured  and  is  called  the  hot  junction;  the  other  junc- 
tion, which  is  opposed  to  the  first -named  junction,  is  kept 
at  a  constant  temperature  and  is  called  the  cold  junction. 
A  millivoltmeter,  or  other  instrument  for  measuring  elec- 
tromotive force,  is  attached  by  conductors  to  the  free  ends 
of  the  opposed  junctions,  and  by  its  reading  indicates  the 
electromotive  force  generated  and  hence  the  temperature 
of  the  hot  junction. 

Range  or  Stress    .     See  Repeated  Stress. 

Repeated  Stress  .  This  is  the  general  term  used  to  denote  any  regular  vari- 
ation of  stress  applied  to  a  member  a  large  number  of 
times.  Repeated  stress  includes  variations  in  magnitude 
of   stress   in    one    direction,    variations    from    stress    in    one 
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direction  to  a  smaller  stress  in  the  opposite  direction,  and 
variations  from  stress  in  one  direction  to  equal  stress  in 
the  opposite  direction.  This  last-named  case  of  repeated 
stress  is  called  reversed  or  alternating  stress.  In  repeated 
stress  the  periods  of  variation  are  repeated  again  and 
again,  and  each  complete  period  of  variation  is  called  a 
cycle  of  stress.  The  algebraic  difference  between  the  maxi- 
mum stress  and  the  minimum  stress  during  a  cycle  of 
stress  is  called  the  range  of  stress. 

Shear,  Shearing  Stress    .     .     .     See  Stress. 

Slip  Bands,  Slip  Lines  .  .  .  Minute  cracks  which,  under  the  action  of  de- 
structive repeated  stress,  form  within  the  crystals  of  metal. 
See  Fig.  46. 

S-N  Diagram.  .  .  A  diagram  showing  the  results  of  a  series  of  repeated- 
stress  tests.  Values  of  unit  stress  are  plotted  as  ordinates, 
and  values  of  corresponding  numbers  of  cycles  of  stress 
to  cause  failure  are  plotted  as  abscissas.  In  this  bulletin 
logarithmic  coordinates  have  been  used  for  plotting  S-N 
diagrams. 

Sorbite See  Metallography. 

Sorbitic      ....     See  Metallography. 

Static  Test  ...  A  test  of  a  specimen  in  which  the  rate  of  application  of 
load  is  so  slow  that  it  may  be  regarded  as  zero.  The  term 
refers  in  general  to  a  test  made  with  an  ordinary  testing 
machine. 

Steel The  term  steel  is  used  to   denote  any  ferrous  metal   with 

a  carbon  content  less  than  about  1.7  per  cent,  which  is 
made  by  a  process  involving  complete  fusion.  Thus  in 
this  bulletin  Steel  No.  9,  which  chemically  is  almost  pure 
iron,  and  which  is  called  Armco  Iron  by  the  manufac- 
turers, is  designated  as  0.02  carbon  steel.  Wrought  iron 
has  a  low  carbon  content,  and  is  made  from  a  pasty  mass 
at  a  temperature  below  complete  fusion.  Ferrous  metals 
with  a  carbon  content  higher  than  about  1.7  per  cent  are 
called  cast  iron. 

Stress An   internal   force  which   resists   the   destructive   action   of 

external  force.  Stresses  are  always  accompanied  by 
strains  or  deformations,  and  there  are  tensile  stresses, 
compressive  stresses,  and  shearing  stresses.  Torsion  on  a 
specimen  is  resisted  by  shearing  stress.  At  any  point  on 
a  stressed  member  the  stress  per  unit  area  is  called  the 
unit  stress.  Sometimes  the  term  stress  is  used  to  denote 
unit  stress. 
Testing  Machine  .  In  general,  any  machine  for  applying  stress  to  specimens 
of  material,  and  measuring  the  applied   stress.     The  term 
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is  ordinarily  applied  to  a  machine  for  applying  stress  at 
a  slow  rate  and  measuring  the  stress  by  means  of  a  weigh- 
ing scale. 

In   this   bulletin   the   term   toughness   is   used   to   denote   a 
combination  of  strength  and  ductility  in  a  material. 
See  Metallography. 
See  Metallography. 

The  twisting  moment  on  any  cross-section  of  n  member  in 
torsion  is  equal  to  the  sum  of  the  twisting  moments  of  the 
forces  acting  on  one  side  of  the  cross-section.  See  Bend- 
ing Moment. 
Ultimate  Tensile  Strength  .  .  .  The  highest  unit  stress  carried  by  a  tension 
specimen  in  a  test  to  rupture.  In  computing  ultimate 
tensile  strength  the  original  area  of  cross-section  of  the 
specimen  is  used. 


Toughness     .     . 

Troostite  .     .     . 
Tuoostitio.     .     . 

Twisting  Moment 
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Bulletin  No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Breck- 
enridge.    1907.    None  available. 

Bulletin  No.  16.  A  Study  of  Roof  Trusses,  by  N.  Clifford  Bicker.  1907. 
None  available. 

Bulletin  No.  17.  The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  Hamilton, 
and  W.  F.  Wheeler.    1907.   None  available. 

Bulletin  No.  18.  The  Strength  of  Chain  Links,  by  G.  A.  Goodenough  and 
L.  E.  Moore.   1907.   Forty  cents. 

Bulletin  No.  19.  Comparative  Tests  of  Carbon,  Metallized  Carbon,  and  Tan- 
talum Filament  Lamps,  by  T.  H.  Amrine.    1907.   None  available. 

Bulletin  No.  20.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series 
of  1907,  by  Arthur  N    Talbot.   1907.    None  available. 

Bulletin  No.  21  Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M.  Gar- 
land.   1908.    Fifteen  cents. 

Bulletin  No.  22.  Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe, 
by  Arthur  N.  Talbot.   1908.   None  available. 

Bulletin  No.  23.  Voids,  Settlement,  and  Weight  of  Crushed  Stone,  by  Ira  O. 
Baker.    1908.    Fifteen  cents. 

^Bulletin  No.  24.  The  Modification  of  Illinois  Coal  by  Low  Temperature  Dis- 
tillation, by  S.  W.  Parr  and  C.  K.  Francis.   1908.   Thirty  cents. 

Bulletin  No.  25.  Lighting  Country  Homes  by  Private  Electric  Plants,  by 
T.  H.  Amrine.    1908.    Twenty  cents. 

Bulletin  No.  26.  High  Steam-Pressure  in  Locomotive  Service.  A  Review  of  a 
Report  to  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.  1908. 
Twenty-five  cents. 

Bulletin  No.  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by 
Arthur  N.  Talbot  and  Duff  A.  Abrams.    1908.    Twenty-five  cents. 

Bulletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by 
Arthur  N.  Talbot.    1908.   Fifteen  cents. 

Bulletin  No.  29.  Tests  of  Reinforced  Concrete  Beams:  Resistance  to  Web 
Stresses,  Series  of  1907  and  1908,  by  Arthur  N.  Talbot.    1909.   Forty-five  cents. 

Bulletin  No.  80.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Pro- 
ducers, by  J.  K.  Clement,  L.  H.  Adams,  and  C.  N.  Haskins.  1909.  Twenty-five 
cents. 

Bulletin  No.  SI.  Teste  with  House-Heating  Boilers,  by  J.  M.  Snodgrass.  1909. 
Fifty-five  cents. 

Bulletin  No.  82.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry 
Barker.   1909.   Fifteen  cents. 

Bulletin  No.  88.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Guell. 
1909.    Twenty  cents. 

*Bulletin  No.  84.  Tests  of  Two  Types  of  Tile-Roof  Furnaces  under  a  Water 
Tube  Boiler,  by  J.  M.  Snodgrass.   1909.   Fifteen  cents. 
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Bulletin  No.  35.  A   Study   of   Base   and   Bearing   Plates   for   Columns   and 
Beams,  by  N.  Clifford  Bicker.    1909.    None  available. 

Bulletin  No.  36.  The  Thermal  Conductivity  of  Fire-Clay  at   High   Temper 
atures,  by  J.  K.  Clement  and  W.  L.  Egy.   1909.    Twenty  cents. 

Bulletin  No.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr 
and  W.  F.  Wheeler.    1909.    None  available. 

Bulletin  No.  38.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler 
1909.    Twenty-five  cents. 

'Bulletin  No.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney 
1909.   Seventy-five  cents. 

Bulletin  No.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M. 
Garland.    1909.    Ten  cents. 

Bulletin  No.  41.  Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.   1909.    Thirty 
five  cents. 

'Bulletin  No.  42.  The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Her- 
bert F.  Moore.    1909.    Ten  cents. 

Bulletin  No.  43.  Freight   Train    Resistance,   by    Edward   C.    Schmidt.     1910. 
Seventy-five  cents. 

Bulletin  No.  44.  An    Investigation    of    Built-up    Columns    under    Load,    by 
Arthur  N.  Talbot  and  Herbert  F.  Moore.    1910.    Thirty-five  cents. 

'Bulletin  No.  45.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert 
L.  Whittemore.    1910.    Thirty-five  cents. 

Bulletin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and 
F.  W.  Kressman.    1910.    Forty-five  cents. 

'Bulletin  No.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B 
Stephenson.    1910.    Twenty-five  cents. 

'Bulletin  No.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by 
Arthur  N.  Talbot  and  Melvin  L.  Enger.   1911.   Fcrty  cents. 

'Bulletin  No.  49.  Tests  of  Nickel-Steel  Riveted  Joints,  by  Arthur  N.  Talbot 
and  Herbert  F.  Moore.    1911.    Thirty  cents. 

'Bulletin  No.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and 
A.  P.  Kratz.   1911.   Fifty  cents. 

Bulletin  No.  51.  Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.    1911 
Thirty-five  cents. 

'Bulletin  No.  52.  An  Investigation  of  the  Strength  of  Rolled  Zinc,  by  Herbert 
F.  Moore.    1911.   Fifteen  cents. 

'Bulletin  No.  53.  Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner 
1912.   Forty  cents. 

*Bulletin  No.  54.  Mechanical  Stresses  in  Transmission  Lines,  by  A.  Guell. 
1912.    Twenty  cents. 

'Bulletin  No.  55.  Starting  Currents  of  Transformers,  with  Special  Reference 
to  Transformers  with  Silicon  Steel  Cores,  by  Trygve  D.  Yensen.  1912.  Twenty 
cents. 
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*  Bulletin  No.  56.  Tests  of  Columns:  An  Investigation  of  the  Value  of  Con- 
crete as  Beinforcement  for  Structural  Steel  Columns,  by  Arthur  N.  Talbot  and 
Arthur  R.  Lord.   1912.   Twenty-five  cents. 

'Bulletin  No.  57.  Superheated  Steam  in  Locomotive  Service.  A  Review  of 
Publication  No.  127  of  the  Carnegie  Institution  of  Washington,  by  W.  F.  M 
Goss.    1912.  Forty  cents. 

'Bulletin  No.  58.  A  New  Analysis  of  the  Cylinder  Performance  of  Reciprocat- 
ing Engines,  by  J.  Paul  Clayton.   1912.   Sixty  cents. 

'Bulletin  No.  59.  The   Effect  of   Cold   "Weather   upon   Train   Resistance  and 

Tonnage  Rating,  by  Edward  C.  Schmidt  and  F.  W.  Marquis.   1912.    Twenty  cents. 

Bulletin  No.  60.  The  Coking  of  Coal  at  Low  Temperature,  with  a  Preliminary 

Study  of  the  By-Products,  by  S.  W.  Parr  and  H.  L.  Olin.   1912.   Twenty-five  cents. 

'Bulletin  No.  61.  Characteristics  and  Limitations  of  the  Series  Transformer, 
by  A.  R.  Anderson  and  H.  R.  Woodrow.   1912.    Twenty-five  cents. 

Bulletin  No.  62.  The  Electron  Theory  of  Magnetism,  by  Elmer  H.  Williams. 

1912.  Thirty-five  cents. 

Bulletin  No.  6$.  Entropy-Temperature  and  Transmission  Diagrams  for  Air, 
by  C.  R.  Richards.  1913.  Twenty-five  cents. 

'Bulletin  No.  64.  Tests  of  Reinforced  Concrete  Buildings  under  Load,  by 
Arthur  N.  Talbot  and  Willis  A.  Slater.   1913.   Fifty  cents. 

'Bulletin  No.  65.  The  Steam  Consumption  of  Locomotive  Engines  from  the 
Indicator  Diagrams,  by  J.  Paul  Clayton.    1913.   Forty  cents. 

Bulletin  No.  66.  The   Properties    of    Saturated    and    Superheated   Ammonia 
Vapor,  by  G.  A.  Goodenough  and  William  Earl  Mosher.    1913.    Fifty  cents. 

Bulletin  No.  67.  Reinforced   Concrete   Wall   Footings  and   Column   Footings, 
by  Arthur  N.  Talbot.   1913.   None  available. 

Bulletin  No.  68.  The  Strength  of  I-Beams  in  Flexure,  by  Herbert  F.  Moore. 

1913.  Twenty  cents. 

Bulletin  No.  69.  Coal  Washing  in  Illinois,  by  F.  C.  Lincoln.    1913.    Fifty 
cents. 

Bulletin  No.  70.  The   Mortar-Making  Qualities  of   Illinois   Sands,  by   C.   C. 
Wiley.    1913.    Twenty  cents. 

Bulletin  No.  71.  Tests   of   Bond   between   Concrete   and   Steel,   by   Duff   A. 
Abrams.   1913.    One  dollar. 

'Bulletin  No.  7S.  Magnetic  and  Other  Properties  of  Electrolytic  Iron  Melted 
in  Vacuo,  by  Trygve  D.  Yensen.    1914.   Forty  cents. 

Bulletin  No.  7S.  Acoustics  of  Auditoriums,  by  F.  R.  Watson.    1914.    Twenty 
cents. 

'Bulletin  No.  74.  The  Tractive  Resistance  of  a  28-Ton  Electric  Car,  by  Harold 
H.  Dunn.   1914.   Twenty-five  cents. 

Bulletin  No.  75.  Thermal  Properties  of  Steam,  by  G.  A.  Goodenough.    1914. 
Thirty-five  cents. 
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Bulletin  No.  76.  The  Analysis  of  Coal  with  Phenol  as  a  Solvent,  by  8.  W. 
Parr  and  H.  F.  Hadley.    1914.    Twenty-five  cents. 

•Bulletin  No.  77.  The  Effect  of  Boron  upon  the  Magnetic  and  Other  Prop 
erties  of  Electrolytic  Iron  Melted  in  Vacuo,  by  Trygve  D.  Yensen.  1915.  Ten 
cents. 

Bulletin  No.  78.  A  Study  of  Boiler  Losses,  by  A.  P.  Kratz.    1915.    Thirty 
five  cents. 

•Bulletin  No.  79.  The  Coking  of  Coal  at  Low  Temperatures,  with  Special  Bef- 
erence  to  the  Properties  and  Composition  of  the  Products,  by  S.  W.  Parr  and 
H.  L.  Olin.   1915.    Twenty-five  cents. 

Bulletin  No.  80.  Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,  by 
W.  M.  Wilson  and  G.  A.  Maney.   1915.   Fifty  cents. 

Bulletin  No.  81.  Influence  of  Temperature  on  the  Strength  of  Concrete,  by 
A.  B.  McDaniel.    1915.    Fifteen  cents. 

Bulletin  No.  88.  Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  C. 
Schmidt,  J.  M.  Snodgrass,  and  B.  B.  Keller.    1915.   Sixty-five  cents. 

'Bulletin  No.  8S.  Magnetic  and  Other  Properties  of  Iron-Silicon  Alloys, 
Melted  in  Vacuo,  by  Trygve  D.  Yensen.    1915.    Thirty-five  cents. 

Bulletin  No.  84.  Tests    of    Beinforced    Concrete    Flat    Slab    Structures,    by 
Arthur  N.  Talbot  and  W.  A.  Slater.    1916.   Sixty-five  cents. 

•Bulletin  No.  85.  The  Strength  and  Stiffness  of  Steel  under  Biaxial  Loading, 
by  A.  J.  Becker.    1916.    Thirty-five  cents. 

Bulletin  No.  86.  The  Strength  of  I-Beams  and  Girders,  by  Herbert  F.  Moore 
and  W.  M.  Wilson.    1916.  Thirty  cents. 

"Bulletin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  University  of  Illi- 
nois, by  F.  B.  Watson  and  J.  M.  White.    1916.   Fifteen  cents. 

Bulletin  No.  88.  Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by 
E.  A.  Holbrook.  1916.   Seventy  cents. 

Bulletin  No.  89.  Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel. 
1916.    Thirty  cents. 

*Bulletin  No.  90.  Some  Graphical  Solutions  of  Electric  Bailway  Problems,  by 
A.  M.  Buck.    1916.    Twenty  cents. 

Bulletin  No.  91.  Subsidence  Resulting   from   Mining,   by  L.   E.   Young  and 
H.  H.  Stoek.  1916.   None  available. 

•Bulletin  No.  9t.  The  Tractive  Besistance  on  Curves  of  a  28-Ton  Electric 
Car,  by  E.  C.  Schmidt  and  H.  H.  Dunn.  1916.  Twenty-five  cents. 

*  Bulletin  No.  98.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper, 
and  Nickel,  by  D.  F.  McFarland  and  0.  E.  Harder.   1916.   Thirty  cents. 

•Bulletin  No.  94.  The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel, 
by  8.  W.  Parr.   1917.   Thirty  cents. 

•Bulletin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  Alloys 
Melted  in  Vacuo,  by  T.  D.  Yensen  and  W.  A.  Gatward.    1917.    Twenty-five  cents 
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'Bulletin  No.  96.  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through 
a  Submerged  Short  Pipe,  by  Fred  B  Seely.    1917.    Twenty-five  cents. 

'Bulletin  No.  97.  Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W. 
Parr.   1917.   Twenty  cents. 

'Bulletin  No.  98.  Tests  of  Oxyacetylene  Welded  Joints  in  Steel  Plates,  by 
Herbert  F.  Moore.   1917.    Ten  cents. 

Circular  No.  4.     The   Economical   Purchase   and    Use   of   Coal   for    Heating 
Homes,  with  Special  Reference  to  Conditions  in  Illinois.   1917.   Ten  cents. 

'Bulletin  No.  99.  The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman.  1917. 
Twenty  cents. 

'Circular  No.  5.  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bituminous 
Coal,  by  E.  A.  Holbrook.   1917.    Twenty  cents. 

'Bulletin  No.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special 
Reference  to  Illinois  Conditions,  by  C.  M.  Young.    1917. 

'Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mi- 
kado Locomotive,  by  E.  C.  Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.  1917. 
Fifty  cents. 

'Bulletin  No.  102.  A  Study  of  the  Heat  Transmission  of  Building  Materials, 
by  A.  C.  Willard  and  L.  C.  Lichty.    1917.    Twenty-five  cents. 

'Bulletin  No.  10S.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W. 
P.  Lukens.    1917.   Sixty  cents. 

'Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel 
Structures,  by  W.  M.  Wilson  and  H.  F.  Moore.  1917.  Twenty-five  cents. 

Circular  No.  6.       The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoek.    191P. 
Forty  cents. 

Circular  No.  7.       Fuel   Economy    in    the   Operation    of    Hand    Fired    Power 
Plants.    1918.    Twenty  cents. 

'Bulletin  No.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles, 
and  Orifice  Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  R.  Fleming,  and 
Melvin  L.  Enger.    1918.    Thirty  five  cents. 

'Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union 
Building,  by  Arthur  N.  Talbot  and  Harrison  F.  Gonnennan.    1918.    Twenty  cents. 
Circular  No.  8.       The  Economical  Use  of  Coal  in  Railway  Locomotives.   1918. 
Twenty  cents. 

'Bulletin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Con 
crete  Frames,  by  Mikishi  Abe.    1918.    Fifty  cents. 

'Bulletin  No.  108.  Analysis  of  Statically  Indeterminate  Structures  by  the 
Slope  Deflection  Method,  by  W.  M.  Wilson,  F.  E.  Richart,  and  Camillo  Weiss.  1918. 
One  dollar. 

'Bulletin  No.  109.  The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  Water 
through  a  Pipe,  by  R.  E.  Davis  and  H.  H.  Jordan ,  1918.    Twenty-five  cents. 

'Bulletin  No.  110.  Passenger  Train  Resistance,  by  E.  C.  Schmidt  and  H.  H. 
Dunn.    1918.    Twenty  cents. 
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"Bulletin  No.  111.  A  Study  of  the  Forms  in  which  Sulphur  Occurs  in  Coal,  by 
A.  R.  Powell  with  S.  W.  Parr.     1919.     Thirty  cents. 

* Bulletin  No.  112.  Report  of  Progress  in  Warm -Air  Furnace  Research,  by 
A.  C.  Willard.    1919.     Thirty-five  cents. 

*  Bullet  in  No.  113.  Panel  System  of  Coal  Mining.  A  Graphical  Study  of  Per- 
centage of  Extraction,  by  C.  M.  Young.     1919. 

*  Bulletin  No.  114.     Corona  Discharge,  by  Earle  H.  Warner  with  Jakob  Kunz. 

1919.  Seventy-five  cents. 

"Bulletin  No.  115.  The  Relation  between  the  Elastic  Strengths  of  Steel  in 
Tension,  Compression,  and  Shear,  by  F.  B.  Seely  and  W.  J.  Putnam.  1920. 
Twenty  cents. 

Bulletin  No.  116.     Bituminous  Coal  Storage  Practice,  by  H.  H.  Stoek,  C.  W. 
Hippard,  and  W.  D.  Langtry.     1920.     Seventy-five  cents. 

"Bulletin  No.  117.     Emissivity  of  Heat  from  Various  Surfaces,  by  V.  S.  Day. 

1920.  Twenty  cents. 

"Bulletin  No.  118.  Dissolved  Gases  in  Glass,  by  E.  W.  Washburn,  F.  F.  Footitt, 
and  E.  N.  Bunting.     1920.     Twenty  cents. 

"Bulletin  No.  119.  Some  Conditions  Affecting  the  Usefulness  of  Iron  Oxide  for 
City  Gas  Purification,  by  W.  A.  Dunkley.     1921. 

"Circular  No.  9.  The  Functions  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  by  C.  R.  Richards.     1921. 

"Bulletin  No.  120.  Investigation  of  Warm -Air  Furnaces  and  Heating  Systems, 
by  A.  C.  Willard,  A.  P.  Kratz,  and  V.  S.  Day,  1921.    Seventy-five  cents. 

"Bulletin  No.  121.  The  Volute  in  Architecture  and  Architectural  Decoration,  by 
Rexford  Newcomb.     1921.     Forty-five  cents. 

"Bulletin  No.  122.  The  Thermal  Conductivity  and  Diff usivity  of  Concrete,  by 
A.  P.  Carman  and  R.  A.  Nelson.     1921.     Twenty  cents. 

"Bulletin  No.  123.  Studies  on  Cooling  of  Fresh  Concrete  in  Freezing  Weather 
by  Tokujiro  Yoshida.     1921.     Thirty  cents. 

Bulletin  No.  124.  An  Investigation  of  the  Fatigue  of  Metals,  by  H.  F.  Moore 
and  J.  B.  Kommers.     1921.     Ninety-five  cents. 
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THE  DISTRIBUTION  OF  THE  FORMS 
OF  SULPHUR  IN  THE  COAL  BED 


I.     Introduction 

1.  Preliminary  Statement. — This  bulletin  is  a  report  of  investiga- 
tional work  carried  out  by  the  United  States  Bureau  of  Mines  under 
the  terms  of  a  cooperative  agreement  with  the  Engineering  Experiment 
Station  of  the  University  of  Illinois  and  the  Illinois  State  Geological 
Survey.  Previous  work  published  by  the  Engineering  Experiment 
Station  on  the  forms  of  sulphur  in  coal  was  conducted  in  the  Chem- 
ical Laboratory  of  the  University  of  Illinois  by  S.  W.  Parr  and  A.  R. 
Powell,  who  developed  successful  methods  for  determining  quantita- 
tively the  different  chemical  forms  of  sulphur  in  coal.  Their  methods, 
described  in  a  previous  bulletin,*  have  been  applied  in  the  present 
work  to  the  study  of  the  manner  of  occurrence  and  distribution  of 
the  different  forms  of  sulphur  in  the  coal  bed. 

2.  Object  of  the  Work. — The  experimental  work  was  undertaken 
as  a  part  of  the  United  States  Bureau  of  Mines  plan  of  research  on  coal 
preparation,  and  the  application  of  the  information  secured  to  the 
problem  of  producing  cleaner  coal  was  the  principal  objective.  The 
solution  of  this  problem  must  of  necessity  rest  to  a  considerable 
extent  upon  an  intelligent  knowledge  and  appreciation  of  the  physical 
and  the  chemical  forms  in  which  sulphur  occurs  in  a  particular  coal, 
and  how  it  is  distributed  through  the  coal  in  the  bed.  This  infor- 
mation is  essential  in  forming  an  opinion  on  the  extent  to  which  any 
given  coal  may  be  cleaned  by  washing,  that  is,  by  a  gravity  separation 
in  water.  The  forms  of  sulphur  occurring  in  the  coal  are  sulphur  as 
iron  pyrite,  sulphur  in  organic  combination  with  the  coal  substance 
itself,  and  sulphate  sulphur  present  chiefly  as  calcium  sulphate. 
Pyrite  occurs  both  in  macroscopic  and  microscopic  form.t  Thiessen 
has  found  microscopic  globules  of  pyrite  in  coals  from  many  different 
fields  in  the  United  States,  and  even  in  peat.  Pyrite  has  also  been 
shown  to  exist  in  this  form  in  JapaneseJ  coals. 


*  "A  Study  of  the  Forms  in  which  Sulphur  Occurs  in  Coal."  Univ.  of  111.  En<r.   Exp.  Sta., 
Bui.   Ill,    1919. 

t  Am.   Inst.  Min.   Eng.,   Bui.    153,    2431.    1919. 

t  Iwasaki,   Colliery  Guardian   120.   797,   1920. 
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Pyrite  or  pyritic  sulphur  is  not  uniformly  distributed  in  coal. 
It  is  well  known  that  the  variation  in  total  sulphur  content  of  the 
different  benches  or  horizontal  sections  of  a  coal  bed  may  be  quite 
marked.  This  of  course  might  be  entirely  due  to  the  heterogeneous 
distribution  of  iron  pyrite.  The  distribution  of  organic  sulphur  has 
been  given  but  little  attention,  because  it  exists  in  an  amicroscopic 
form  and  must  be  determined  by  chemical  methods.  Until  recently  no 
satisfactory  methods  have  been  available.  Some  earlier  work,*  done 
since  the  publication  of  Parr  and  Powell's  methods,  led  to  the  tentative 
conclusion  that  the  organic  sulphur  content  of  a  given  coal  varies  but 
little,  and  that,  at  least,  it  is  much  more  uniformly  distributed  than 
pyritic  sulphur.  The  distribution  of  these  forms  of  sulphur  has  an 
important  bearing  on  the  practice  of  coal  washing,  the  dry  separation 
of  impurities  from  coal,  and  the  use  of  coal  for  coking  purposes. 

The  fact  that  organic  sulphur  has  some  bearing  on  the  washabil- 
ity  of  a  coal  has  long  been  recognized.  Some  coal  washing  reports  have 
contained  an  approximation  of  the  figure  for  the  percentage  of  this 
form  of  sulphur,  in  some  cases  with  fine  pyrite  included  under  the 
caption  ' '  fixed  sulphur, "  ' '  combined  sulphur, "  or  "  organic  sulphur. ' ' 
Boiling, t  in  a  paper  on  "Chemical  Control  of  Coal  Washers"  de- 
scribing methods  used  at  the  plant  of  the  Nova  Scotia  Steel  and  Coal 
Co.,  gives  the  following  figures  determined  by  a  sink  and  float  test 
on  a  calcium  chloride  solution  of  1.35  specific  gravity:  "Raw  coal 
mixture,  total  sulphur  2.30  per  cent ;  by  calcium  chloride,  total  sul- 
phur 1.10  per  cent;  (2.30  -  1.10)  =  1.20  per  cent  pyritic  sulphur, 
organic  sulphur  1.10  per  cent."  While  this  method  does  not  give 
the  correct  values  for  organic  sulphur,  it  does  give  a  figure  which  is 
of  value  in  coal  washing  work. 

Carl  Wendell, J  in  an  article  on  coal  washing,  states  concerning 
combined  sulphur  that  many  times  in  examining  a  new  washing 
apparatus  he  had  been  assured  by  the  manufacturer  that  the  machine 
would  produce  the  desired  results,  this  conclusion  being  based  on  two 
figures  only;  namely,  total  sulphur  content  of  the  coal  and  combined 
sulphur  content.  Wendell  adds  further,  "Invariably  I  have  found 
that  this  premature  statement  was  wrong. ' ' 


*  Fraser   and   Yancey,   Am.   Inst.   Min.   Eng.,  Bui.    153,    1822,    1919. 

t  Eng.   and  Min.  Journal,   Aug.  29,   1908. 

J  Univ.  of  111.  Technograph,  page   133,  April,    1915. 
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His  comment  concerning  the  value  of  such  hastily  formulated 
opinions  is  fully  warranted.  The  instances  cited  indicate  that  in  some 
cases  organic  sulphur  has  been  one  of  the  factors  considered  in  con- 
nection with  the  reduction  of  sulphur  in  coal  by  washing  processes. 
On  the  other  hand  the  opinion  is  sometimes  expressed  that  the  organic 
sulphur  of  coal  is  negligible  in  amount.  There  is  a  need  for  more 
accurate  and  specific  information  on  this  subject. 

It  is  apparent  that  the  possibility  of  cleaning  coal  of  sulphur 
by  processes  of  dry  separation  such  as  selective  mining,  hand  picking 
at  the  face  and  in  the  tipple,  or  by  mechanical  devices,  depends  upon 
the  way  in  which  the  sulphur,  particularly  the  pyritic  sulphur,  is 
distributed  throughout  the  coal. 

This  factor  also  has  an  important  bearing  in  connection  with 
the  coking  of  coal.  Uniformity  of  sulphur  content  is  a  valuable 
attribute  of  a  coal  to  be  used  for  coking  or  for  gas  manufacture.  Some 
of  the  Illinois  mines  nominally  rated  as  low  sulphur  coal  mines  cannot 
be  depended  upon  to  ship  day  in  and  day  out  a  product  consistently 
low  in  sulphur. 

All  of  the  mechanical  or  gravitational  methods  of  cleaning  coal 
depend  upon  the  removal  of  particles  of  impurities  of  high  specific 
gravity  from  coal  which  is  of  lower  specific  gravity.  In  this  connection 
it  is  important  to  know  whether  organic  sulphur  segregates  as  does 
pj^ritic  sulphur.  In  case  concentrations  of  organic  sulphur  were  found 
to  exist  it  would  be  desirable  to  associate  such  occurrences  with  other 
impurities  or  specific  recognizable  conditions. 

3.  Sources  of  Information. — The  observations  set  forth  in  this 
bulletin  are  based  on  data  secured  by : 

1.  Visual  examination  and  sampling  of  coal  in  situ  at 
mines  in  three  different  beds  in  the  central  district ;  namely,  Illinois 
No.  6  Coal  at  the  Middlefork  Mine  of  the  United  States  Fuel  Com- 
pany at  Benton,  Illinois,  and  Kentucky  beds  Xo.  9  and  No.  12  at 
mines  No.  7  and  No.  8  of  the  West  Kentucky  Coal  Co.  in  Union  and 
Webster  Counties  of  western  Kentucky.  Sectional  bench  samples 
were  taken  in  a  number  of  places  in  each  of  these  mines  and 
analyzed  for  total  sulphur,  organic  sulphur,  pyritic  sulphur,  and 
fine  disseminated  sulphur. 

2.  Investigations  incident  to  a  survey  of  the  coal  pyrite  re- 
sources of  the  central  district,  made  by  the  United  States  Bureau  of 
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Mines  and  the  State  Geological  Surveys  of  Illinois,  Indiana,  Ohio. 
Tennessee,  Missouri,  and  Iowa,  in  1918.  A  large  number -of  mines 
were  visited  by  the  field  men  sent  out  by  these  agencies.  Notes 
were  taken  on  the  occurrence  of  sulphur,  and  estimates  were  made 
of  the  available  tonnage  of  pyrite  which  could  be  recovered  and 
cleaned  for  industrial  uses.  The  records  of  this  work  present  quite 
a  fund  of  information  on  the  distribution  of  coarse  pyrite  in  the 
various  coal  beds  throughout  the  district. 

3.  Visual  examination  of  the  coal  faces  in  mines  in  con- 
nection with  other  investigational  work  and  routine  face  sam- 
pling. 

4.  Acknowledgments. — The  investigation  was  carried  out  under 
the  general  direction  of  Mr.  E.  A.  Holbrook,  Assistant  Director, 
and  Mr.  George  S.  Rice,  Chief  Mining  Engineer,  of  the  United  States 
Bureau  of  Mines.  Professors  S.  W.  Parr,  Head  of  the  Division  of  In- 
dustrial Chemistry,  and  H.  H.  Stoek,  Head  of  the  Department  of 
Mining  Engineering  of  the  University  of  Illinois,  have  contributed  many 
helpful  and  valuable  suggestions  throughout  the  course  of  the  work. 
Mr.  C.  A.  Meissner,  Chairman  of  Coke  and  Coal  Washing  Committees 
of  the  United  States  Steel  Corporation,  has  followed  the  progress  of 
the  investigation  with  cordial  cooperation.  Messrs.  W.  H.  Clinger- 
man,  President,  and  Thomas  Moses,  General  Superintendent,  of  the 
United  States  Fuel  Co.,  made  the  arrangements  for  the  work  at  the 
Middlefork  mine,  and  through  their  local  organization  at  the  mine  gave 
every  assistance.  Mr.  D.  M.  Lewins,  Chemist  of  the  United  States  Fuel 
Co.  at  the  Middlefork  mine,  rendered  valuable  aid.  The  field  work  on 
western  Kentucky  coals  was  carried  out  at  mines  of  the  West  Kentucky 
Coal  Co.,  aided  by  the  active  cooperation  of  Mr.  T.  E.  Jenkins,  Vice- 
President  and  General  Manager  of  this  Company. 
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II.     General  Data  on  Sulphur  Distribution 

5.  Chemical  Forms  in  which  Sulphur  Occurs  in  Coal. — Sulphur 
occurs  in  coal  in  both  organic  and  inorganic  combination.  In  the 
central  and  eastern  coal  fields  of  the  United  States  the  major  inorganic 
sulphur  compound  is  iron  pyrite  or  marcasite,  both  of  identical  chem- 
ical composition.  Sulphate  sulphur  is  ordinarily  present  in  freshly 
mined  coal  chiefly  as  calcium  sulphate,  (gypsum),  occurring  in  thin 
white  flakes  along  the  cleavage  planes.  Calcite  also  occurs  in  a  similar 
form.  Because  of  the  marked  color  contrast  between  the  gypsum  and 
the  coal  an  exaggerated  idea  of  the  relative  amount  of  the  total  sulphur 
present  in  the  sulphate  form  is  easily  given.  Freshly  mined  coal  may 
contain  as  much  as  0.1  per  cent  sulphur  as  sulphate,  but  as  a  rule  the 
amount  of  this  form  is  less  than  0.05  per  cent.  Stored  coal  increases 
in  sulphate  sulphur  because  of  the  oxidation  of  its  iron  pyrite.  Length 
of  storage,  temperature,  moisture,  and  the  size  of  coal  stored  appear 
to  be  the  principal  factors  governing  the  rate  of  oxidation  and  the 
consequent  formation  of  sulphate  sulphur,  so  that  after  long  storage 
the  sulphate  sulphur  content  may  exceed  that  of  the  pyritic  sulphur. 
This  sulphate  sulphur  is  water-soluble  and  if  the  coal  is  stored  in  the 
open  a  large  part  will  be  leached  out. 

It  has  long  been  believed  that  a  varying  though  considerable 
proportion  of  the  total  sulphur  content  of  coal  is  present  in  organic 
combination  with  the  coal  substance.  The  investigations  of  Wheeler 
and  of  many  other  workers  have  confirmed  this  view.  Prior  to  1873 
Wormley*  observed  that  some  coals  contained  too  little  iron  to  combine 
with  all  the  sulphur  present  to  form  iron  pyrite.  He  gives  total 
sulphur  and  total  iron  determinations  of  mine  coals,  and  in  no  case 
is  sufficient  iron  present  to  unite  with  all  of  the  sulphur  as  ferric  sul- 
phide. The  investigations  of  Bradbury,!  Kimball,!  Drown,fl  Fischer,§ 
M'Callum,**    Parr,ft    Powell,|t    and    Wibaut    and    Stoffelfffl    have 


*  Geol.   Survey   of  Ohio,   1,   361,    1873, 

t  Chem.   News,    38,    147,    1878. 

t  Trans.   Am.   Inst.  Min.   Engr.,   8,    185,    1880. 

fl  Trans.   Am.   Inst.   Min.   Engr.,  9,    656,    1881. 

§  Zeit.    angew.    Chem.,    764,    1899. 
**  Chem.    Engr.,  11,   27,    1910. 
tt  Univ.   of  111.  Eng.  Exp.   Sta.,  Bui.    Ill,    1919. 
tt  J.  Ind.  Eng.   Chem.,  12,   887,    1920, 
flfl  Rec.  trav.  chim.,  38,   132,   1919. 
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certified  the  existence  of  sulphur  in  organic  combination  in  coal.  It 
appears  that  the  organic  sulphur  is  united  with  two  different  types 
of  coal  constituent,  and  is  classified  as  humus  organic  sulphur  and 
resinic,  or  perhaps  more  properly  merely  as  phenol  soluble  sulphur. 

6.  Physical  Forms  of  Pyrite. — Iron  pyrite  may  be  found  in  coal 
in  particles  of  various  sizes  and  various  shapes.  Thiessen,*  through 
the  microscopic  study  of  thin  sections,  found  that  all  the  coals  he 
examined  contained  very  small  globules  or  particles  of  pyrite  varying 
in  diameter  from  a  few  microns  to  a  hundred  microns.  At  the  other 
extreme  it  is  not  uncommon  to  find,  in  the  roof  slate  of  the  No.  5 
coal  in  Indiana,  pyrite  boulders  several  feet  in  diameter.  For  the 
purpose  of  studying  the  distribution  of  the  pyrite  in  coal  it  has  been 
found  convenient  to  classify  it  according  to  the  size  of  particles  in 
which  it  occurs,  under  three  headings,  namely,  microscopic  pyrite,  fine 
disseminated  visible  p}rrite,  and  coarse  pyrite.  The  lines  of  division 
into  these  groups  are  of  course  merely  arbitrary.  As  the  particles 
exist  in  the  bed  they  grade  in  size  all  the  way  from  the  very  smallest 
to  the  largest. 

The  microscopic  pyrite  consists  of  minute  spherical  globules  in- 
visible except  under  the  microscope.  This  form  of  sulphur  is  not 
removable  by  mechanical  processes. 

The  fine  disseminated  visible  pyrite  occurs  in  several  forms. 
This  term  is  used  to  designate  pyrite  infiltrations  coarse  enough  to  be 
visible  to  the  naked  eye,  yet  so  fine  and  intimately  mixed  with  the 
coal  substance  that  their  separation  is  difficult.  Thin  film-like  coat- 
ings sometimes  occur  on  the  joint  planes,  giving  a  natural  cleavage 
face  of  a  lump  of  coal  the  appearance  of  being  gold  painted.  A 
fraction  of  a  per  cent  of  sulphur  in  this  form  may  make  a  car  of  coal 
look  very  dirty.  Pyrite  may  occur  in  the  form  of  small  grains  dis- 
seminated through  the  coal.  Charcoal  or  mother-coal  is  sometimes 
so  thickly  impregnated  with  pyrite  grains  of  this  sort  that  it  has  a 
brownish  color  and  is  so  hard  that  it  interferes  with  the  use  of  under- 
cutting machines.  The  miners  call  this  material  "black  jack."  Clay 
and  shale  partings  may  also  be  impregnated  with  pyrite  particles  in 
the  same  manner. 

The  coarse  pyrite  occurs  in  a  wide  variety  of  shapes,  the  most 
common  of  which  is  perhaps  the  lens ;  circular  or  elliptical  in  plan  and 

*  Loe.   cit. 


THE  DISTRIBUTION  OF  THE  FORMS  OF  SULPHUR  IN  THE  COAL  BED      13 

lenticular  in  cross  section,  thick  in  the  center  and  gradually  thinning 
to  an  edge  around  the  perimeter.  These  lenses  are  commonly  from 
Y2  in.  to  3  in.  in  greatest  thickness  and  about  1  ft.  across,  although 
lenses  as  much  as  3  or  4  ft.  thick  and  several  hundred  feet  long 
are  sometimes  found  at  the  top  or  bottom  of  a  seam.  In  some 
beds  the  small  lenses  occur  always  at  the  same  horizon  along  certain 
bedding  planes.  They  may  be  almost  edge  to  edge,  forming  a  prac- 
tically continuous  sheet  of  varying  thickness.  In  other  cases  the 
lenses  are  distributed  promiscuously  through  the  bed  and  may  be 
found  in  any  position. 

Another  somewhat  similar  form  of  pyrite  deposit,  much  less 
common,  is  thinnest  in  the  center  with  the  thick  part  near  the  cir- 
cular rim. 

Balls  or  nodules  of  sulphur  are  roughly  spherical  in  shape.  This 
form  is  often  found  in  the  roof  or  floor.  The  term  nodules  is  usually 
applied  to  the  small  ones  of  2-4  in.  in  diameter.  The  larger  sizes 
are  more  often  called  niggerheads  or  balls.  Where  they  occur  in 
the  roof  they  are  sometimes  4  or  5  ft.  in  diameter.  The  large 
ones  quite  often  consist  of  a  mixture  of  iron  carbonate  and  pj'rite 
or  they  may  have  a  core  of  limestone  with  a  pyrite  shell.  The 
small  nodules  are  usually  bright  crystalline  pyrite  and  approach  more 
closely  pure  iron  pyrite  (FeS2)  in  chemical  composition.  Pyrite 
deposits  which  appear  as  continuous  bands  in  a  working  face  may  be 
described  as  flat  lenses  of  great  lateral  extent,  such  that  they  may 
be  continuous  over  large  areas.  They  commonly  vary  from  the  thick- 
ness of  a  knife  edge  up  to  2  or  3  in.  Locally,  thin  parallel 
bands  sometimes  occur  interlaminated  with  thin  bands  of  coal  in 
such  a  manner  as  to  necessitate  picking  out  and  discarding  a  large 
proportion  of  coal  with  the  pyrite.  Similarly  with  the  thin  facings 
of  coal  described  under  fine  disseminated  pyrite,  large  lumps  of  coal 
sometimes  are  so  thickly  impregnated  with  these  film-like  flakes  of 
pyrite  as  to  justify  discarding  the  lumps  as  a  whole. 

Pyrite  also  occurs  in  vertical  or  inclined  veins  in  some  coals 
although  this  form  is  not  very  common.  The  thicker  and  more  prom- 
inent veins  are  called  by  the  miners  "spar  sulphur." 

Local  groups  of  veinlets  that  appear  to  arise  from  a  common 
center  are  called  cat-faces.  The  center  is  often  a  small  ball  of  irreg- 
ular outline.  The  pyrite  of  cat-faces  is  a  brassy  yellow  in  color  and 
often  of  a  flaky  porous  structure.    Bands  of  pyrite  of  a  similar  porous 
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or  cellular  structure  are  commonly  found  in  Southern  Illinois  coals. 
A  lump  of  such  forms  seems  to  be  built  up  of  small  thin  plates  of 
pyrite  put  together  with  spaces  intervening"  so  that  the  apparent 
specific  gravity  of  the  whole  lump  is  much  lower  than  that  of  a  piece 
of  solid  pyrite.  Apparent  specific  gravity  determinations  on  samples 
from  the  No.  (>  bed  in  Franklin  County,  Illinois,  gave  results  as  low 
as  2.9. 

Pyritized  vegetable  fossils  are  not  uncommon  although  they  do  not 
constitute  any  considerable  part  of  the  pyrite  of  coal.  They  are 
usually  in  the  form  of  fragments  of  branches  or  leaves. 

The  manner  in  which  the  pyrite  in  any  coal  occurs  in  these  various 
forms  determines  to  a  large  extent  the  ease  with  which  it  may  be  sep- 
arated from  the  coal  by  handpicking  or  washing.  Solid  balls  and 
lenses  of  the  massive  amorphous  structure  and  brassy  color  are  readily 
removed  underground  as  they  are  easily  seen  and  they  usually  break 
freely  from  the  surrounding  coal.  Lenses  of  a  dark  stony  gray  color 
are  not  so  easily  picked  out  at  the  face.  They  are  much  more  difficult 
to  see  and,  as  the  boundary  between  coal  and  pyrite  is  usually  in- 
definite, the  lens  stick  fast  to  the  coal. 

Of  the  interbedded  continuous  bands,  those  which  are  solid  clean 
pyrite  usually  separate  easily  from  the  coal  along  a  natural  bedding 
plane.  Sometimes  the  coal  and  pyrite  fall  apart  during  mining. 
Bands  of  this  sort  which  are  i/o  in.  or  more  in  thickness  are  usually  left 
in  the  mine.  Thinner  bands  are  broken  up  in  shooting  down  the  coal, 
so  that  fragments  become  mixed  with  the  coal  and  are  difficult  to  pick 
out.    A  washer,  however,  will  remove  these  small  pieces. 

The  grey  laminated  bands  are  much  more  difficult  to  remove. 
There  usually  is  no  natural  cleavage  between  the  band  and  the  ad- 
jacent coal.  The  thin  laminae  of  pyrite  merge  indistinguishably  into 
the  coal  and  it  is  necessary  to  discard  a  large  amount  of  adhering  coal 
in  order  to  get  rid  of  them  by  picking.  If  this  material  is  sent  to  the 
wrasher,  a  large  proportion  of  the  pyrite  is  slimed  in  crushing,  which 
increases  the  difficulty  of  its  removal  by  washing. 

This  is  also  true  of  the  cat-faces  and  pyrite  facings  in  joint 
cracks.  In  order  to  improve  the  appearance  of  a  car  of  coal,  lumps 
which  contain  only  two  or  three  per  cent  sulphur  in  this  form  are 
sometimes  discarded  in  the  tipple.  These  cat-faces  and  pyrite  facings 
are  the  most  troublesome  visible  forms  of  sulphur  for  the  washerman. 
When  the  coal  is  crushed  for  washing,  even  as  fine  as  %-in.  size,  a 
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large  part  of  this  sulphur  adheres  to  the  coal  particles,  and  a  large 
part  of  that  which  breaks  free  is  slimed  or  broken  into  thin  scales 
which  have  a  tendency  to  float  off  with  the  washed  coal. 

The  impregnations  of  fine  grains  of  pyrite  are  of  course  insep- 
arably mixed  with  the  coal.  All  the  coals  used  in  the  coal  washing 
tests  at  Urbana  were  found  to  contain  a  considerable  proportion  of 
pyritic  sulphur  in  this  form.  Samples  of  coal,  finer  than  %-in.  maxi- 
mum size,  carefully  hand-picked  to  eliminate  all  pieces  showing  a  trace 
of  impurity  on  the  surface,  still  contained  pyritic  sulphur.  Analyses 
of  three  such  samples  of  a  Williamson  County,  Illinois,  coal  are  given 
in  Table  1. 


Table  1 
Pyritic  Sulphur  in  Hand-Picked  Samples  of  a  Williamson  County, 

Illinois,   Coal 

Values  given  in  table  in  per  cent,  on  a  moisture-free  basis 


Sample  No. 

Ash 

Pyritic  Sulphur 

Total  Sulphur 

1 
2 
3a 

3.58 
4.82 
4.27 

1    27 
1   06 
ii  84 

2   ()(i 

1     Mi 

1.63 

a.  Float  on  solution  of  1.3  sp.  gr. 

7.  Distribution  of  Coarse  Pyrite  in  Various  Beds. — If  a  large 
proportion  of  the  sulphur  in  a  coal  is  concentrated  in  lenses,  balls, 
etc.,  of  solid  pyrite,  it  may  be  possible  by  careful  picking  in  the  mine 
and  tipple  to  ship  a  low  sulphur  product  even  though  the  sulphur 
content  of  the  coal  in  the  bed  may  amount  to  several  per  cent.  Ordi- 
narily, however,  coals  which  contain  a  large  amount  of  coarse  pyrite 
are  also  high  in  organic  and  finer  pyritic  sulphur.  The  distribution 
of  the  coarse  pyrite  in  the  bed  is  also  of  importance;  for  instance,  if, 
throughout  the  mine,  the  lenses  and  balls  are  concentrated  at  a  certain 
definite  horizon,  or  if  a  certain  bench  contains  a  much  larger  per- 
centage of  sulphur  than  the  rest  of  the  seam,  hand-picking  or  selective 
mining  is  facilitated. 

In  some  of  the  Central  District  coal  seams  the  manner  of  dis- 
tribution of  iron  pyrite  deposits  in  the  bed  is  well  defined  and  typical 
over  the  entire  area  of  the  seam. 
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Balls  or  nodules  in  the  roof  and  extending  down  into  the  top  coal 
are  characteristic  of  the  Illinois  No.  5  seam  practically  throughout 
the  district  in  Indiana,  Illinois,  and  Kentucky.  Often  there  is  a  dis- 
continuous band  of  pyrite  lenses  about  the  middle  of  this  bed. 

The  No.  6  coal  in  Illinois  naturally  divides  itself  into  three 
benches.  The  top  coal  and  the  bottom  coal  each  comprising  from  one 
eighth  to  one  sixth  the  thickness  of  the  bed  are  separated  from  the 
middle  coal  by  definite  persistent  partings,  the  upper  one  usually  of 
mother-coal  and  the  lower  one,  called  the  blue  band,  of  shale  some- 
times impregnated  with  pyrite.  As  a  rule  the  narrow  upper  and  lower 
benches  contain  the  larger  part  of  the  pyrite  of  the  seam. 

In  the  No.  2  coal  of  the  Longwall  district  of  Illinois  the  sulphur 
balls  and  lenses  are  confined  largely  to  the  upper  half  of  the  bed. 

In  the  Danville  district,  where  the  No.  7  coal  is  mined,  pyrite 
is  usually  in  the  form  of  lenses  of  the  gray  stony  variety.  They  are 
distributed  promiscuously  through  the  bed. 

Some  interesting  notes  on  the  coarse  pyrite  deposits  of  the  Ohio 
coals  are  given  by  W.  M.  Tucker*  who  did  the  field  work  in  that  state 
in  connection  with  coal  pyrite  survey  of  1918.  The  Middle  Kittann- 
ing  No.  6  coal  contains  everywhere  a  parting  near  the  middle  of  the 
bed  of  pyrite  or  shale,  known  as  the  middle  band.  This  seam  in  Perry 
County,  Ohio,  shows  a  band  of  lenses  about  13  in.  from  the  top  of 
the  coal.  In  the  Upper  Freeport  No.  7  coal,  deposits  of  pyrite  in  the 
form  of  large  boulders  are  found  imbedded  in  the  coal  along  the  sides 
of  the  sandstone  horsebacks. 


*  Economic  Geology,  14,    198,   1919 
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III.     Field  and  Laboratory  Methods 

8.  General  Plan  of  Investigation. — In  outlining  the  plan  for 
the  work  it  seemed  that  the  only  way  to  study  the  distribution  of  the 
forms  of  sulphur  in  the  coal  bed  was  to  take  sectional  samples  of  the 
horizontal  benches  of  the  seam  in  the  mine  at  the  working  faces.  So 
far  this  plan  has  been  extended  to  the  examination  of  three  beds  of  coal ; 
the  No.  6  bed  in  Illinois  and  the  No.  9  and  No.  12  beds  in  Kentucky. 
It  has  not  been  possible  to  study  each  bed  at  more  than  one  mine, 
but  it  is  hoped  that  the  No.  6  bed  in  Illinois  may  be  examined  in 
several  other  localities,  in  order  to  determine  whether  there  is  a  char- 
acteristic distribution  of  the  forms  of  sulphur  throughout  the  bed. 
Obviously  then,  the  results  here  given  for  the  beds  examined  at  one 
location  are  not  representative  of  the  entire  bed  with  regard  to  sul- 
phur content,  and  must  not  be  so  interpreted. 

The  Illinois  No.  6  bed  was  sampled  at  the  Middlefork  mine  of 
the  United  States  Fuel  Co.,  near  Benton,  Franklin  County,  Illinois. 
A  large  and  excellently  equipped  washery*  is  maintained  at  the  mine 
for  washing  the  entire  output.  The  daily  tonnage  varies  from  2400 
to  2800  for  the  mine,  and  the  washery  operates  about  ten  shifts  per 
week.    The  washed  coal  is  used  for  metallurgical  purposes. 

In  Western  Kentucky  the  No.  9  and  No.  12  beds  were  examined; 
the  No.  9  bed  in  Union  County  at  Mine  No.  8  and  the  No.  12  bed  in 
Webster  County  at  Mine  No.  7  of  the  West  Kentucky  Coal  Co.  The 
No.  12  coal,  a  fairly  low  sulphur  coal,  is  used  extensivel}-  as  a  gas  coal 
and  also  as  smithing  and  steam  coal.  The  bed  No.  9  coal  is  much 
higher  in  sulphur,  and  finds  sale  chiefly  for  domestic  and  steam  pur- 
poses. 

At  each  mine  the  seam  was  divided  into  horizontal  benches,  and 
each  bench  was  sampled  separately,  beginning  at  the  bottom  and  con- 
tinuing to  the  top  of  the  seam.  This  information  was  desired  not  only 
to  show  the  distribution  of  the  forms  of  sulphur  in  the  bed,  but  also 
for  the  purpose  of  determining  whether  a  relation  existed  between 
pyritic  and  organic  sulphur.  Additional  data  on  the  possible  rela- 
tionship was  secured  by  taking  additional  samples  at  places  in  the 


*  J.  R.   Campbell,   Am.   Inst.   Min.   Eng.,    Bui.   153,    1779,    1919. 
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mine  which  showed  the  coal  intergrown  with  lenses,  bands,  and  cat- 
faces  of  pyrite  in  such  a  manner  that  none  of  the  coal  was  more 
than  1  or  2  in.  distant  from  the  pyrite  itself.  At  the  Middlefork 
mine  seven  tipple  samples  were  obtained,  each  representing  a  day's 
output  of  abont  2500  tons  of  raw  coal.  A  sample  of  the  washed  coal 
representing  one  day's  operation  of  the  washery  was  taken  in  order 
to  secure  information  as  to  the  form  or  forms  of  sulphur  eliminated 
by  a  mechanical  process  such  as  washing.  Two  samples  of  mother-coal 
were  taken  a1  the  Middlefork  mine.  Determinations  of  total  pyritic 
and  organic  sulphur  were  made  on  all  of  these  samples,  and  the  results 
are  shown,  both  graphically  and  in  tabular  form,  in  this  bulletin. 

In  addition  to  the  samples  taken  for  chemical  analysis,  six  were 
secured  in  the  Middlefork  mine  for  examination  of  the  microscopic 
pyritic  sulphur.  These  were  taken  at  the  middle  and  near  the  top  of 
the  seam.  Microphotographs  of  thin  cross-sections  of  these  samples 
are  given.  A  small  development  map  showing  where  the  samples 
were  taken  in  the  Middlefork  mine  is  included.  A  table  showing  the 
pyritic  and  organic  sulphur  content  of  several  eastern  and  central 
district  coals  is  included  for  the  purpose  of  giving  an  idea  of  the 
relative  amounts  of  these  important  sulphur  forms  contained  in 
various  coals. 

A  new  form  of  tloat  and  sink  apparatus  for  use  in  making  tests 
on  fine  coal  has  been  developed  and  is  described  in  this  paper.  It 
was  used  in  determining  the  amount  and  the  variations  of  fine  dis- 
seminated pyrite  in  the  bench  samples  from  two  of  the  mines. 

9.  Method  of  Collecting  Samples. — The  face  samples  were 
taken  by  the  Bureau  of  Mines  method  for  sampling  coal  in  the 
mine.*  A  vertical  channel  about  4  in.  wide  by  3  in.  deep  was 
cut  in  a  clean  fresh  face,  and  the  resulting  cuttings  caught  on  a 
canvas.  At  each  place  selected  for  sampling  the  face  was  marked  off, 
before  cutting  the  sample,  into  from  four  to  eight  horizontal  benches, 
and  each  bench  was  sampled  separately,  beginning  at  the  floor.  Each 
sample  was  broken  up  with  the  mortar  and  pestle  of  the  Bureau  of 
Mines  sampling  kit,  then  screened  and  reduced  to  4 -lb.  size  by 
coning  and  quartering.  In  the  Middlefork  mine  a  portable  hand 
crusherf  was  used  to  reduce  the  coal  to  a  size  small  enough  to  permit 


*  J.  A.   Holmes,   Bureau   of  Mines,   Technical   Paper  No.   1. 
t  S.  W.  Parr,  Illinois  Geological  Survey,   Bui.  29,   19,   1914. 
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reduction  by  coning  and  quartering.  It  crushes  the  coal  to  about 
i/4-in.  maximum  size.  The  crusher  is  of  the  burr  type,  made  of 
aluminum  and  steel,  with  detachable  handle  and  legs. 

Fig.  1  is  a  photograph  of  the  coal  face  in  the  No.  6  Illinois  bed 
and  is  introduced  to  give  a  better  idea  of  the  method  of  sampling 
used.  The  total  thickness  of  the  bed  was  first  measured.  Then  the 
division  of  the  seam  into  benches  was  indicated  by  white  horizontal 
chalk  marks  made  on  the  coal  face.  In  the  Middlefork  mine,  No.  6  bed, 
the  seam  was  divided  into  from  four  to  eight  benches  at  the  sampling 
locations,  and  each  bench  was  sampled  separately.  Sectional  bench 
samples  were  collected  in  this  manner  at  twelve  working  faces  in  the 
mine.  The  top  sample  represents  in  most  cases  the  first  10  or  12 
in.  of  coal  down  to  the  natural  bedding  plane.  The  miner  desig- 
nates this  bench  as  the  top  coal.  The  bottom  sample  represents  the 
coal  from  the  floor  up  to,  but  not  including,  the  blue  band.  This 
band,  sometimes  shale  and  often  pyrite  of  a  thickness  of  2  or  3  in. 
generally  occurs  from  10  to  15  in.  above  the  floor.  The  intervening 
portions  of  the  bed  were  divided  into  from  two  to  six  sections, 
making  the  divisions,  wherever  practicable,  at  natural  partings. 
The  blue  band  was  always  thrown  out.  With  this  exception  the 
samples  cover  everything  from  the  top  to  the  bottom  of  the  seam, 
and  represent  fairly  what  is  hoisted  and  sent  to  the  washer.  Tables 
A  to  L  in  Appendix  I  give  the  vertical  thickness  of  the  horizontal 
sections,  show  the  impurities  occurring  in  a  section,  and  indicate 
whether  they  were  included  in  the  sample. 

In  the  mine  operating  in  the  No.  12  bed  in  western  Kentucky, 
samples  were  taken  at  six  locations.  Here  1  to  2  ft.  of  the  top 
coal  is  left  up  for  roof.  This  was  sampled  at  two  locations  in  the  mine, 
and  the  remainder  of  the  seam  was  divided  into  four  approximately 
equal  benches,  represented  by  a  corresponding  number  of  samples. 
The  division  Into  benches  was  made  in  such  a  manner  as  to  include 
in  one  sample  all  of  a  characteristic  shaly  band  occurring  a  little  below 
the  middle  of  the  seam.  In  the  No.  8  mine  of  the  West  Kentucky  Coal 
Co.,  which  operates  in  the  No.  9  bed,  the  seam  was  divided  into  four 
nearly  equal  benches,  four  samples  being  taken  at  two  locations. 

The  samples  of  raw  coal,  washed  coal,  and  refuse  were  taken  in 
the  manner  prescribed  for  the  sampling  of  deliveries.*     The   <rross 


G.  S.  Pope,  Bureau  of  Mints.  Tech.  Paper  133,   197. 
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samples  were  collected  by  taking  shovelfuls  at  twenty  minute  intervals 
from  the  raw  coal,  washed  coal,  and  refuse  conveyors,  respectively. 

10.  Preparation  of  Samples  for  Analysis. — The  4-lb.  samples 
were  allowed  to  air  dry  in  the  laboratory.  They  were  then  crushed  to 
^4-in.  size  and  a  sample  cut  out  for  the  sink  and  float  test.  The  final 
samples,  crushed  in  the  Braun  disc  pulverizer  to  pass  a  100-mesh 
screen,  were  put  into  4-oz.  glass  bottles  sealed  with  rubber  stoppers. 

11.  Methods  Used  for  Determination  of  Forms  of  Sulphur. — 
Total  sulphur  determinations  were  made  by  Eschka's  method,  which 
is  so  extensively  used  for  estimating  total  sulphur  in  coal  that  a 
description  of  the  analytical  procedure  need  not  be  given  here. 

The  pyritic  sulphur  was  determined  by  the  method  of  Parr  and 
Powell*  by  extracting  1  gm.  of  100-mesh  coal  with  a  mixture  of 
20  cc.  of  concentrated  nitric  (sp.  gr.  1.42)  and  60  cc.  of  water.  This 
dilute  nitric  acid  has  a  specific  gravity  of  1.12.  It  is  allowed  to  cool  to 
room  temperature  before  starting  the  extraction.  The  extraction  is 
best  conducted  in  a  300  cc.  Ehrlenmeyer  flask.  Some  coals  are  difficult 
to  "wet"  by  the  dilute  nitric  acid,  but  by  stoppering  the  flask  and 
shaking  vigorously  for  a  minute,  this  is  readily  accomplished.  The 
extraction  process  was  always  allowed  to  proceed  for  four  days  at 
room  temperature;  a  vigorous  shaking  being  given  the  flask  once  or 
twice  each  day  during  the  period. 

After  extraction,  the  coal  was  filtered  off  and  the  filtrate  evap- 
orated to  dryness  on  the  water  bath.  The  residue  was  then  dissolved 
in  about  5  cc.  of  1  to  1  hydrochloric  acid,  diluted  with  water  to  about 
100  cc,  brought  to  the  boiling  point,  and  filtered.  Ordinarily,  the 
pyritic  sulphur  determinations  were  made  by  determining  the  sulphur 
in  the  filtrate  rather  than  the  iron,  but  determinations  of  both  iron 
and  sulphur  were  made  on  several  samples  from  each  mine  in  order 
to  find  if  iron  and  sulphur  were  present  in  the  same  ratio  as  in  iron 
pyrite.  The  values  obtained  by  calculating  the  sulphur  from  the  iron 
and  by  determining  sulphur  direct,  agreed  very  well  indeed  for  the 
coal  from  each  of  the  beds. 

Organic  sulphur  was  not  directly  determined.  The  values  shown 
for  this  form  of  sulphur  represent  the  difference  between  the  total 
and  the  pyritic  sulphur. 

*  Loc.  cit. 
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Fig.  1.     Face  of  Coal  in  Illinois  No.  6  Bed. 
Showing  Division  of  Seam  into  Benches  for  Sampling 
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Sulphate  sulphur  was  found  to  be  so  low  in  the  samples  examined 
that  it  has  been  entirely  disregarded  in  tabulating  the  variations  of 
the  forms  of  sulphur  in  the  coal  bed.  Only  ten  samples  were  examined 
for  sulphate  sulphur.  It  was  extracted  by  boiling  5  gms.  of  coal 
for  one  hour  with  50  cc.  of  hydrochloric  acid  (sp.  gr.  1.2)  diluted  to 
200  cc.  with  water.  The  filtrate  was  evaporated  nearly  to  dryness, 
diluted,  and  the  sulphates  precipitated  by  adding  an  excess  of  a  10 
per  cent  solution  of  barium  chloride  in  the  manner  prescribed  in  the 
Eschka  method  for  total  sulphur.  The  highest  value  obtained  for 
sulphate  sulphur  in  the  samples  was  0.04  per  cent,  and  this  value 
was  on  a  sample  containing  six  per  cent  of  total  sulphur  which  had 
been  mined  three  months. 

12.  Determination  of  Fine  Pyritic  Sulphur. — The  term  fine  dis- 
seminated pyritic  sulphur  is  used  in  this  report  to  designate  fine  pyrite 
particles  so  intimately  mixed  with  the  coal  that  they  are  not  broken 
free  from  it  by  crushing  to  the  finest  size  at  which  coal  is  ordinarily 
washed,  namely,  through  ^-in.  round  hole  screen;  and  sufficiently 
small  not  to  render  the  coal  particles  in  which  they  happen  to  occur 
heavy  enough  to  be  separable  by  gravity  methods.  This  is  an  abitrary 
definition  which  seems  perfectly  logical  from  the  practical  view  point 
in  connection  with  coal  washing.  The  determinations  were  made  by 
subjecting  samples  of  the  coal,  of  *4-in.  maximum  size,  to  sink  and 
float  tests  using  a  zinc  chloride  solution  of  a  specific  gravity  0.03 
higher  than  the  average  specific  gravity  of  the  coal,  analyzing  the  float 
portion  for  pyritic  sulphur,  and  correcting  for  the  weight  of  sink 
removed  in  order  to  express  the  results  as  a  percentage  of  the  original 
raw  coal  sample  for  comparison  with  the  other  analytical  data. 

As  determined  by  this  method  the  figure  for  fine  disseminated 
pyritic  sulphur  percentage  does  not  account  for  all  pyrite  particles 
below  any  certain  fixed  size,  as  some  very  small  pieces,  notably  of  the 
form  which  occurs  as  thin  plates  in  the  tiny  joint  cracks  of  the  coal,  may 
be  broken  free  from  the  coal  and,  sinking  in  the  float  and  sink  bath,  be 
thus  discarded,  while  other  pieces,  possibly  larger,  which  stick  fast  to  or 
are  included  in  coal  particles,  may  float.  The  size  of  the  largest  pyrite 
particle  which  could  be  included  may  be  calculated  as  follows ;  assum- 
ing the  extreme  case  of  a  fragment  of  the  maximum  size  in  the  sample 
consisting  of  clean  coal  with  an  attached  or  included  pyrite  particle 
just  large  enough  to  increase  the  specific  gravity  of  the  piece  by  0.05, 
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and  assuming  that  the  specific  gravity  of  the  clean  coal  is  1.30,  the 
specific  gravity  of  the  raw  coal  particle  in  question  is  then  1.30 
-f  0.05  =  1.35. 

Let  x  =  volume  of  pyrite  in  this  raw  coal  particle  of  unit  volume. 

1.00  =  total  volume  of  the  raw  coal  particle. 

1.00  -  x  =  volume  of  the  clean  coal  part. 

1.30  (1.00  -  x)  =  mass  of  the  clean  coal  part. 

5x  =  mass  of  the  pyrite  part,  assuming  specific  gravity  of  pyrite 
as  5.00. 
Then  1.30  (1.00  -  x)  5x  =  total  mass  of  the  raw  coal  particle. 
Also    1.35  =  total  mass  of  the  raw  coal  particle. 

1.30  (1.00-  x)  5x  =  1.35. 
:>,.7x  =  0.05. 
x  =  0.0135  volume  of  pyrite  part  of  raw  coal  particle. 

^0.0135  =  0.26  size  pyrite  cube  in  unit  cube  of  raw  coal. 
0.2G  X  V±  in.  =  0.065  in.  size  of  maximum  pyrite  cube  in  *4-in.  cube 
of  raw  coal. 

0.065  in.  =  10  mesh. 

Sixty-five  thousandths  of  an  inch  in  diameter,  or  through  10-mesh 
screen,  therefore,  is  the  maximum  size  of  pyrite  particle  that  could  be 
included  in  the  float  part  of  the  sample  in  determining  fine  pyrite 
sulphur  by  this  method. 

For  making  the  determinations  a  new  sink  and  float  apparatus 
illustrated  in  Fig.  2  was  used.  This  was  designed  for  use  in  the  coal 
washing  laboratory  for  control  work  and  preliminary  testing  when 
small  coal  is  being  handled.  For  coarse  coal  of  jig  size  the  apparatus 
developed  some  years  ago  by  G.  R.  Delamater  is  used.  This  has  been 
very  widely  used  for  coal  washery  control  and  the  method  has  proved 
very  satisfactory  for  the  size  of  coal  ordinarily  washed  in  jig  washers. 
In  fact  it  is  often  referred  to  as  the  "Standard"  sink  and  float 
apparatus. 

In  working  with  small  coal,  such  as  some  washeries  are  now 
handling,  through  a  %-in.  screen,  or  through  a  Vs-in.  screen  with  a 
large  proportion  of  slime,  and  in  experimental  work  in  oil  coagulation 
and  flotation  of  coal,  where  even  smaller  sizes  are  handled,  a  need  has 
arisen  for  an  apparatus  in  which  all  the  solution  used  as  well  as  the 
coal  sample  is  divided  into  a  float  portion  and  a  sink  portion,  and  each 
screened  or  filtered  with  the  respective  float  and  sink  portions  of  the 
coal  sample. 
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Fig.  2.     New  Sixk  and  Float  Test  Apparatus,  Assembled 


Fig.  3.     New  SrxK  and  Float  Test  Apparatus,  Dissembled,  Showing 

Construction 
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The  apparatus  illustrated  accomplishes  this  purpose.  It  is  shown 
assembled  ready  for  use  in  Fig.  2.  The  three  separate  pieces  which 
make  up  the  apparatus  are  shown  in  Fig.  3,  and  details  of  construction 
of  the  barrel  in  Fig.  4.     The  apparatus  was  made  in  the  laboratory 
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Fig.  4.     Details  of  Barrel  op  New  Sink  and  Float  Test  Apparatus 


shop,  of  a  3-in.  round-way  stop-cock  valve,  a  piece  of  4-in.  galvanized 
pipe,  and  a  tilting  frame.  It  is  so  simple  in  construction  and  operation 
that  very  little  description  is  necessary. 

The  bore  of  the  valve  plug  was  cut  out  to  4-in.  size  at  one 
end  and  almost  through  to  the  other  side  of  the  plug.  A  cylindrical 
wooden  core  was  then  inserted,  and  babbit  was  poured  in  around  this 
to  fill  up  the  corners  in  the  interior  of  the  plug  and  stop  up  the  small 
end  of  the  bore  so  that  the  valve  plug,  instead  of  a  3-in.  round  hole 
through  it,  has  a  4-in.  cylindrical  well  in  it.  as  shown  in  Fig.  3.  In 
the  valve  body  one  opening  was  cut  out  to  4  in.  in  diameter  and  a  gal- 
vanized pipe  10  in.  long  and  4  in.  in  inside  diameter  was  soldered  on; 
the  opposite  opening  was  closed  with  babbit.  The  4-in.  galvanized  pipe 
and  the  4-in.  well  in  the  valve  plug  form  the  container  for  the  sink  and 
float  bath.  For  convenience  in  manipulation  this  barrel  was  pivoted  on 
a  tilting  frame  fitted  with  a  spring  at  the  bottom  for  holding  the  barrel 
rigid  when  in  the  vertical  position,  and  a  stop  for  the  valve  handle  to 
facilitate  lining  up  the  well  in  the  valve  plug  with  the  bore  of  the 
galvanized  pipe. 
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In  making  a  sink  and  float  test  the  valve  handle  is  turned  over 
against  the  stop,  forming  a  continuous  cylinder  of  the  pipe  and  valve, 
which  is  filled  to  within  about  2  in-,  of  the  top  with  a  solution  of 
the  desired  specific  gravity.  The  coal  sample  is  then  immersed  in  the 
solution  and  stirred  till  thoroughly  wetted.  It  is  then  allowed  to 
stand  undisturbed  for  a  short  time  to  permit  the  heavy  particles  to 
sink  to  the  bottom  and  the  light  particles  to  rise  to  the  top.  The  valve 
handle  is  then  turned  through  180  degrees,  care  being  used  to  avoid 
jerking  or  jarring  the  apparatus.  This  separates  the  heavy  particles 
in  the  well  of  the  valve  plug  from  the  light  particles  floating  in  the 
upper  part  of  the  galvanized  cylinder. 

By  tilting  the  barrel  the  float  coal  and  solution  is  then  poured 
out  into  a  fine  screen  or  a  filter,  the  solution  is  drained  off  for  use  in 
another  determination,  and  the  adhering  particles  of  float  coal  in  the 
apparatus  are  flushed  out  on  the  filter  with  a  small  stream  of  water. 
The  valve  is  then  turned  back  to  the  open  position,  and  the  sink  coal 
and  solution  is  poured  upon  another  screen  or  filter  in  the  same 
manner.  The  products  are  then  washed  with  water  on  the  screens  or 
filters  to  remove  all  trace  of  the  solution  used.  By  using  this  apparatus 
with  filters  for  washing  the  products  all  the  sample  is  recovered  and 
there  is  no  loss  of  fines  by  suspension  in  the  solution.  The  small 
volume  of  solution  used  makes  the  operation  with  vacuum  filters  fairly 
short.  On  samples  from  which  the  slime  has  been  removed  a  100-mesh 
screen  is  used  instead  of  the  filter.  This  apparatus  was  designed  to 
make  the  separation  just  above  the  top  of  the  sink  in  the  cylinder  so 
that  practically  all  of  the  solution  carrying  particles  in  suspension  goes 
with  the  float.  The  float,  therefore,  includes  particles  of  the  same 
density  as  the  solution  and  lighter. 

Samples  as  large  as  200  gms.  are  handled  in  one  operation  by 
an  apparatus  of  the  size  described.  If  it  is  desired  to  use  larger 
samples  they  should  be  treated  in  200-gm.  portions. 

For  the  determination  of  fine  disseminated  pyrite,  mixtures  of 
chloroform  and  alcohol  and  solutions  of  zinc  chloride  in  water  were 
used.  Chloroform  and  mixtures  of  chloroform  and  alcohol  are  more 
suitable  for  »ink  and  float  tests  on  fine  coal  because  they  are  not  so 
viscous  as  is  a  zinc  chloride  solution  of  equal  density.  However, 
evaporation  losses  when  using  chloroform  make  the  method  more  ex- 
pensive than  when  a  zinc  chloride  solution  is  used. 
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IV.     Data  and  Discussion 

13.  Distribution  of  Forms  of  Sulphur  in  the  Coal  Bed. — The 
data  on  the  distribution  of  the  total  sulphur,  organic  sulphur,  total 
pyritic  sulphur,  and  fine  disseminated  sulphur  content  through  the 
vertical  section  of  the  bed  at  various  places  in  the  three  mines  exam- 
ined are  shown  graphically  by  means  of  charts,  Figs.  6,  7,  11,  and  13. 
The  exact  figures  for  the  percentage  of  each  form  of  sulphur  in  each 
bench  at  each  place  where  a  sample  was  taken  are  given  in  tabular 
form,  with  a  description  of  the  visible  impurities  in  each  bench,  in 
Appendix  I. 

In  the  charts,  distance  from  the  roof  or  top  of  the  coal  is  laid 
off  on  the  ordinate  axis  and  the  percentages  of  total,  pyritic,  and 
organic  sulphur  are  laid  off  as  abscissae.  The  dash  line  represents 
total  sulphur,  the  unbroken  line  pyritic  sulphur,  the  dot-dash  line 
organic  sulphur,  and  the  dotted  line  fine  disseminated  pyritic  sulphur. 
The  straight  vertical  lines  showing  per  cent  sulphur  represent  the 
average  values  for  the  forms  of  sulphur  in  benches  whose  relative 
thicknesses  are  represented  by  the  lengths  of  the  lines.  The  hori- 
zontal offsets  in  these  vertical  lines  are  due  to  variations  in  the  values 
for  the  forms  of  sulphur  occurring  in  adjacent  benches,  and  do  not 
mean  that  the  sulphur  content  changes  abruptly  at  these  points.  The 
sulphur  percentages  plotted  in  the  graphs  represent  values  for 
moisture-free  coal. 

Middlefork  Mine 

The  No.  6  coal  at  the  Middlefork  mine  near  Benton,  Illinois, 
averages  about  7  ft.  in  thickness,  though  it  varies  from  6V2  to 
over  8  ft.  It  shows  everywhere  the  characteristic  shale  blue 
band  of  the  No.  6  coal,  from  9  in.  to  a  foot  and  a  half  above  the 
floor.  In  some  places  in  this  mine  the  blue  band  is  pyrite  or 
shale  impregnated  with  pyrite  grains.  A  sample  of  the  blue  band 
analyzed  6.39  per  cent  sulphur  and  84.1  per  cent  ash.  The  seam 
here  divides  naturally  into  three  benches,  the  lower  bench  separated 
from  the  middle  bench  by  the  blue  band  and  the  upper  bench  or  top 
coal  usually  separated  from  the  middle  part  of  the  bed  by  a  very 
thin  parting  of  charcoal  or  mother-coal,  or  simply  by  a  well  defined 
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Fig.  5.     Sections  of  Illinois  No.  6  Bed 

bedding-  plane  from  12  to  18  in.  below  the  roof.  Typical  sections 
of  the  No.  6  bed  showing  the  occurrence  of  coarse  p}*rite  infiltrations 
and  other  visible  impurities  at  three  locations  where  samples  were 
taken  are  given  in  Fig.  6.  The  moisture  content  of  the  coal  from  this 
mine  averaged  6.45  per  cent. 

The  pyrite  occurs  chiefly  in  the  form  of  cat-faces,  small  flakes  or 
plates  and  joint  fissures,  and  thin  bands  less  than  *4  in.  in  thickness. 
Some  thicker  bands  and  lenses  of  solid  pyrite  also  are  found,  but  a 
large  proportion  is  in  the  form  of  very  thin  bands,  veinlets,  or  plates 
of  a  cellular  or  friable  structure,  so  that  it  is  very  difficult  to  separate 
from  the  coal  by  hand-picking,  and  it  slimes  badly  when  crushed  for 
washing. 
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The  distribution  of  the  forms  of  sulphur  occurring  in  this  mine 
are  plotted  in  Fig.  6 ;  A,  B,  C,  D,  E,  and  F,  and  Fig.  7 ;  G,  H?  I,  J, 
K,  and  L.  Each  lettered  chart  represents  a  vertical  section  of  the 
coal  bed  at  one  of  the  places  sampled.  A  small  development  map  of  the 
mine,  Fig.  9,  shows  by  corresponding  letters  the  location  at  which  each 


Fig.  9.     Skeleton  Map  op  Middlepork  Mine 


set  of  samples  was  taken.  The  same  letters  are  also  used  to  designate 
the  tables  in  Appendix  I  which  give  the  analyses  of  samples  taken  at 
these  locations. 

It  is  hardly  necessary  to  point  out  the  great  variations  in  pyritic 
sulphur  content  in  the  vertical  span  of  the  seam.  This  is  shown  most 
clearly  in  the  graphs.  In  practically  every  section  the  total  sulphur 
and  the  pyritic  sulphur  are  much  higher  in  the  top  coal  and  in  the 
coal  below  the  blue  band  than  in  the  middle  benches  of  the  bed.     The 
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average  total  sulphur  content  of  all  the  top  coal  samples  was  4.17 
per  cent ;  of  the  bottom  coal,  3.83  per  cent ;  and  the  average  content 
of  the  middle  benches  between  the  top  coal  and  the  blue  band  was 
3.05  per  cent. 

The  organic  sulphur  content  is  shown  in  the  graphs  by  the  dot- 
dash  line.  "While  this  does  not  run  uniform  from  top  to  bottom  of  the 
seam  the  variations  are  not  large.  As  compared  with  the  very  great 
changes  in  percentage  of  pyritic  sulphur,  the  organic  sulphur  is 
quite  uniform.  The  greatest  divergence  in  any  one  section  is  from  a 
minimum  of  0.57  per  cent  to  a  maximum  of  1.25  per  cent.  Consider- 
ing the  mine  as  a  whole,  however,  it  cannot  be  said  that  the  organic 
sulphur  is  constant  and  uniformly  distributed,  as  the  samples  varied 
from  this  low  percentage,  0.57,  to  as  high  as  2.10,  thus  showing  the  max- 
imum variation  over  the  mine  of  one  and  a  half  per  cent.  The  theory 
has  been  advanced  that  the  organic  sulphur  content  of  a -given  bed  of 
coal  may  be  constant  over  large  areas  and  characteristic  of  that  par- 
ticular bed.  The  results  of  these  investigations,  however,  would  in- 
dicate that  the  uniformity  of  organic  sulphur  distribution  is  confined 
to  very  limited  areas  in  the  bed  and  that  even  for  a  single  mine  as 
a  whole  the  variations  in  organic  sulphur  content  may  be  considerable. 

The  average  percentages  of  the  different  forms  of  sulphur  in  the 
three  natural  benches  of  the  coal  are  given  in  Table  2.  It  is  to  be 
noted  that  the  coal  below  the  blue  band  is  somewhat  lower  in  organic 
sulphur  content  than  either  the  top  or  middle  coal. 

It  will  be  observed  from  the  graphs  that,  though  in  general  the  top 
coal  and  bottom  coal  benches  are  much  higher  in  total  sulphur  than 
the  middle  part  of  the  bed,  the  pyritic  sulphur  and  consequently  the 
total  sulphur  locally  is  very  erratic  in  occurrence,  and,  at  some  places 
sampled,  sections  of  considerable  thickness  near  the  middle  of  the  face 
are  very  high  in  sulphur.  This  is  only  partly  explainable  as  due  to 
chance  inclusion,  in  a  comparatively  small  section,  of  a  large  lens  or 
band  of  pyrite.  As  a  comparison  of  the  graphs  with  the  notes  in 
Appendix  I  will  show,  some  benches  that  showed  no  conspicuous 
concentrations  of  visible  pyrite  analyzed  high  in  pyritic  sulphur. 

The  two  samples  of  mother-coal  taken  at  this  mine  were  much 
higher  than  the  average  coal  in  pyritic  sulphur  and  ash  but  very  low  in 
organic  sulphur.  These  are  samples  of  mother-coal  partings  about 
2V2  in.  thick,  occurring  near  the  roof.  One  was  taken  near  the  face 
of  the  first  East  South  Entry  near  P  on  the  map  and  the  other  at  the 
face  of  the  first  West  South  Entry  near  L. 
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Table  3 
Forms  of  Sulphur  in  Mother-Coal  Samples 

Values  given  in  table  in  per  cent,  on  a  moisture-free  basis 


Sample  No. 

Location 

Total 
Sulphur 

Pyritic 
Sulphur 

Organic 
Sulphur 

Ash 

56 
57 

1st  E.  S. 
1st  W.  8. 

6.63 

20 .  85 

6.62 
20.48 

0.01 
0.37 

39.3 

32  3 

Although  the  samples  were  very  high  in  pyritic  sulphur  it  was 
not  apparent  to  the  eye,  and  Sample  No.  57  carrying  20.48  per  cent 
pyritic  sulphur  was  not  conspicuously  higher  in  visible  pyrite  than 
Sample  No.  56  with  only  6.62  per  cent  pyritic  sulphur. 

There  has  been  considerable  speculation  as  to  the  composition  and 
origin  of  mother-coal  layers  in  coal  beds.  Other  investigators  who 
present  analyses  of  this  substance,  have  generally  concluded  that 
mother-coal,  while  different  in  composition  from  the  adjacent  coal  in 
the  same  bed,  is  a  good  grade  of  fuel  not  appreciably  higher  in  ash 
and  sulphur  content.  E.  A.  Holbrook*  gives  tbe  analysis  of  a  sample 
taken  from  a  V2-m-  band  of  mother-coal  in  the  No.  6  bed  in 
Williamson  County  as  follows:  "Volatile  matter,  9.75  per  cent; 
fixed  carbon,  87.47  per  cent;  ash,  1.72  per  cent;  and  sulphur,  0.90 
per  cent.  This  indicates  that  mother-coal  is  a  high  grade  coal  of 
different  composition  than  the  rest  of  the  seam."  T.  E.  Savaget  in 
discussing  the  vegetable  matter  of  Illinois  coal  beds  says  that  the 
mineral  charcoal  generally  contains  but  little,  if  any,  more  ash  than 
the  average  coal  of  the  bed  in  which  it  occurs.  Analysis  of  a  sample 
of  mother-coal  and  of  a  sample  of  ordinary  coal,  both  from  the  No.  6 
bed  in  Williamson  County,  are  given  as  follows : 

Volatile  Matter  Fixed  Carbon  Ash 

Coal    34.91   52.03   10.72 

Mother-Coal     23.96   64.28   10.18 

On  the  other  hand  the  samples  of  mother-coal  taken  at  the  Middlefork 
mine  in  connection  with  the  present  work  contained  much  larger 
percentages  of  both  ash  and  pyritic  sulphur  than  the  average  coal 
of  the  bed.  In  view  of  these  divergent  results  it  is  impossible  to  make 
any  generalizations.     Additional  information  on  the  composition  of 


*  Univ.  of  111.  Eng.   Exp.   Stn.,   Bui.   88,   62,   1916. 
t  Journal   of   Geology   22,    76,    1914. 


38  ILLINOIS  ENGINEERING   EXPERIMENT  STATION 

mother-coal  is  desirable.  The  most  striking  characteristic  of  the  two 
samples  examined  is  that  they  contained  practically  no  organic 
sulphur. 

West  Kentucky  Coa1  Co.,  Mines  Nos.  7  and  8 

The  No.  12  or  Caney  Fork  seam  in  Kentucky,  sampled  at  the  No.  7 
mine  of  the  West  Kentucky  Coal  Company,  is  a  high  grade  low  sulphur 
coal  used  to  a  considerable  extent  as  producer  gas  and  by-product 
coal.  This  seam  varies  from  7  to  9  ft.  in  thickness  and  carries 
in  most  places  a  characteristic  shaly  bench,  consisting  of  parallel  bands 
of  shale  interbedded  with  coal  and  bone-coal,  one  third  the  height 
of  the  coal  above  the  floor  and  varying  from  6  to  12  in.  in  thickness. 
From  6  in.  to  2  ft.  of  top  coal  is  left  up  in  the  room  to  protect  the 
roof.  The  moisture  content  of  the  coal  from  this  mine  averaged  6.21 
per  cent. 

The  visible  pyrite  occurs  mainly  as  thin  bands  from  the  thickness 
of  paper  up  to  14  in.  with  only  occasional  lenses  and  cat-faces. 
Sections  at  three  places  sampled  showing  occurrence  of  visible  im- 
purities are  given  in  Fig.  10.  The  lenses  and  cat-faces  can  be  picked 
out  to  a  certain  extent,  but  the  larger  part  of  what  pyrite  occurs  in 
this  mine  is  too  fine  for  hand-picking. 

The  No.  9  coal  sampled  at  Mine  No.  8  has  been  correlated  with  the 
No.  5  bed  mined  in  Saline  County,  Illinois.  It  has,  at  the  No.  8  mine 
where  sampled,  a  thickness  of  about  5  ft.  It  is  higher  in  both 
sulphur  and  ash  than  the  No.  12  coal  and  is  sold  only  for  steam  and 
domestic  fuel.  Visible  pyrite  occurs  mainly  in  the  form  of  interbedded 
sheets  or  bands,  varying  in  thickness  up  to  \y2  in.  Those  which  are 
as  much  as  y2  in.  in  thickness  generally  hold  together  well  enough  to 
be  largely  removed  by  hand-picking.  A  large  proportion  of  the  sul- 
phur that  is  concentrated  in  definite  bands  could  probably  be 
eliminated  by  washing. 

The  data  on  distribution  of  sulphur  in  these  beds,  secured  by 
analysis  of  the  sectional  samples  taken,  are  presented  graphically  in 
Fig.  11,  N,  0,  P,  Q,  R,  and  S ;  and  Fig.  13,  U  and  V.  The  locations 
represented  by  Fig.  11 ;  N,  0,  P,  Q,  R,  and  S,  referring  to  the  No.  7 
mine,  are  shown  by  corresponding  letters  on  the  development  map, 
Fig.  12. 

The  great  variations  in  pyritic  sulphur  content  in  the  vertical 
span  of  the  seam  are  shown  most  clearly  in  the  graphs,  where  the  un- 
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broken  line  represents  the  pyritic  sulphur  content.  At  almost  every 
place  sampled  in  the  No.  7  mine,  the  total  sulphur  and  the  pyritic 
sulphur  content  are  considerably  lower  in  the  middle  part  of  the  bed 
than  in  the  top  and  bottom  coal.  At  each  place  the  bed  was  divided 
into  five  approximately  equal  benches  for  sampling,  and  as  a  rule  the 
middle  bench  was  lowest  in  sulphur,  the  two  adjacent  above  and  below 
were  higher,  and  the  top  coal  and  bottom  coal  were  highest.  At  the 
two  places  where  samples  of  the  roof  coal  were  taken,  it  proved  to  be 
higher  in  sulphur  than  any  other  part  of  the  bed  in  the  same  location. 

The  average  sulphur  content  of  the  different  benches  of  the  seam 
throughout  the  mine  are  given  in  Table  4.  Considering  only  that  part 
of  the  seam  which  is  mined,  the  upper  section  of  an  average  thickness 
of  1  ft.  3  in.  has  an  average  sulphur  content  of  1.85  per  cent.  The 
bottom  coal  to  an  average  height  of  1  ft.  3  in.  above  the  floor  averages 
1.58  per  cent  sulphur,  and  the  intervening  middle  part  of  the  bed 
averaging  about  three  and  a  half  feet  has  an  average  sulphur  content 
of  1.09  per  cent.  The  weighted  average  of  all  the  samples  taken  in  the 
mine  is  1.48  per  cent  sulphur  and  9.12  per  cent  ash. 

Two  sets  of  sectional  samples  taken  in  the  No.  8  mine  indicate 
that  in  this  seam  the  highest  total  sulphur  and  pyritic  sulphur  content 
are  in  the  bottom  coal  and  that  the  sulphur  content  decreases  more  or 
less  uniformly  from  the  floor  to  the  roof. 


THE  DISTRIBUTION  OF  THE  FORMS  OF  SULPHUR  IN  THE  COAL  BED      43 


pq 


W 

o 

P 

£* 

% 

K 

«, 

BSI 

-H    d 

6* 

Z     CD 

*,£ 

°§ 

to 

■* 

8   o 

go 

a 

Z    r- 

W    03 

5j 

pq  o 

Eh 

B  * 

«  -a 

o  ? 

*M 

« 

t3    +» 

h-t      73 

o-  t» 

1— I     c 


X 


Ceo 


CD    CO** 

cs  a 


■Life 


<s  t-  oc  -*  t»  * 


oooooo 


^  rtQ  —  *-c-i 


ocococ 


IN  — cOOOO    I      C 


OMCNMI'M 


U-5 


O 


CO 

w 

B 


i  ! 

.  c 

O  o 

Q  ^ 

i-i  ? 


pq 


o 


3     _o 


J3 
en 
< 

10.25 
7 .  40 
9  00 

14.49 

CO 

d 

'p 

Oco 

1.79 

2.00 

1 .  85 
1 .  63 

00 

Total  Sulphur 
Float,  on  1.40 

2.18 
2  59 
2.79 
3.17 

- 
to 

3 

>. 

Ph 

a 
fa 

0  83 

0  56 
0.70 
1.29 

d 

"5 

0 

H 

0.61 
1  ,  66 
1 .29 
8  OS 

! 

a| 

H    3 
CO 

2 .  39 
3  56 
3   I  1 
4.70 

CS 

w 

o 

bt 

s 

<p 
>• 

a 

a    . 

M  n  eo«* 

i 

5. 

Top  Coal  Samples 
Bottom  Coal  Samples 

a 

b 

a 

b 

0) 

> 
< 

44 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


The  organic  sulphur  content  is  shown  in  the  graphs  by  the  dot- 
dash  line.  While  this  does  not  run  uniform  from  top  to  bottom  of 
the  seam  the  variations,  as  shown  in  the  graphs,  are  not  large.  As  in 
the  Illinois  bed  No.  6  coal,  the  organic  sulphur  content  is  quite  uni- 
form. As  compared  with  the  very  great  changes  in  the  percentage  of 
pyritic  sulphur,  the  greatest  divergence  in  any  one  section  in  the  No.  7 
mine  is  from  a  minimum  of  0.72  per  cent  to  a  maximum  of  0.97  per 
cent.  A  closer  approach  to  uniformity  of  the  values  for  organic 
sulphur  in  the  different  benches  at  a  given  location  is  not  obtained 
by  calculating  organic  sulphur  content  on  a  moisture,  ash,  and  pyritic 
sulphur  free  basis.  The  fine  disseminated  pyrite  like  the  organic  sul- 
phur is  much  more  uniform  and  constant  in  amount  throughout  the 
height  or  thickness  of  the  bed  than  is  the  total  pyritic  sulphur.  These 
two  forms,  the  organic  and  the  fine  disseminated  pyritic  sulphur,  may 
be  regarded  as  very  largely  fixed  or  irremovable  sulphur,  the  percentage 
of  which  is  more  or  less  constant  and  characteristic  of  the  bed.  The 
irregularities  in  the  distribution  of  the  total  sulphur  are  due  mainly 
to  the  concentration  of  pyrite  in  bands  or  lenses  which  are  largely 
removable  by  hand-picking  or  to  a  greater  extent  by  washing. 

Mine  No.  7  in  the  Caney  Fork,  or  No.  12  seam,  was  sampled  on 
June  17,  1918,  by  W.  B.  Plank  of  the  United  States  Bureau  of  Mines 
to  determine  the  suitability  of  this  coal  for  bunker  coal.  At  that  time 
four  channel  face  samples  were  taken  and  designated  as  follows : 
Sample  G  taken  at  the  face  of  the  tenth  room,  off  second  south  entry, 
off  the  seventh  right  east  dip  entry,  3000  ft.  east  of  the  shaft ;  Sample 
H  taken  at  the  face  of  the  twenty-fourth  room,  off  third  left,  off  the 
east  dip  entry,  1400  ft.  northeast  of  the  shaft ;  Sample  I  taken  at  the 
face  of  the  eleventh  room,  off  the  fourteenth  south  entry,  off  the  second 


Table  6 
Analyses  of  Kentucky  Bed  No.  12  Coal  from  Mine  No.  7 

Values  given  in  table  in  per  cent,  on  a  moisture-free  basis 


Sample 

Moisture 

Volatile 

Fixed  Carbon 

Ash 

Sulphur 

B.  t.  u. 

G 
H 
I 
J 

4.49 
4.61 
6.78 
5.99 

35.32 
36.55 
33.43 
33.06 

49.97 
51.67 
46.39 
52.35 

10.22 
7.17 

13.40 
6.60 

1  .04 
1.08 
1.21 
1.08 

12  540 

13  010 

11  710 

12  900 

Average 

5.47 

34.59 

50.09 

9.35 

1.10 

12  540 
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left  main  rise,  5100  ft.  southeast  of  the  shaft;  and  Sample  J  taken 
at  the  face  of  the  third  south  entry,  off  the  third  left  entry,  off  the 
main  rise,  2800  ft.  south  of  the  shaft.  Analyses  of  these  samples  are 
given  in  Table  6. 

14.  Relation  of  Pyritic  and  Organic  Sulphur. — It  is  apparent 
from  the  graphs  showing  the  distribution  of  the  sulphur  forms  that 
in  the  beds  examined  organic  sulphur  is  not  concentrated  around  or 
associated  with  segregations  of  iron  pyrite,  as  the  curves  for  organic 
and  pyritic  sulphur  show  no  similarity.  A  high  pyrite  content  is  not 
accompanied  by  high  organic  sulphur  content.  On  the  contrary,  in 
the  majority  of  cases,  in  going  from  one  bench  or  section  of  the  bed 
to  the  next  one  adjacent  above  or  below,  an  increase  in  pyritic  sulphur 
is  accompanied  by  a  decrease  in  organic  sulphur  and  vice  versa.  This 
is  true  almost  without  exception  in  the  north  half  of  the  Middlefork 
mine,  where  the  samples  secured  averaged  much  higher  in  sulphur 
than  in  the  south  side  of  the  mine.  This  can  hardly  be  interpreted  as 
supporting  the  idea  that  organic  sulphur  contributes  to  the  formation 
of  pyritic  sulphur,  however,  as  this  tendency  is  not  nearly  so  evident 
in  the  south  side  of  this  mine  nor  in  the  other  two  mines  examined. 

These  graphs  show  how  important  is  the  element  of  organic  sulphur 
in  coal  and  what  large  proportion  of  the  total  sulphur  of  these  coals 
it  makes  up.  Of  the  thirty  samples  collected  in  the  West  Kentucky 
No.  7  mine,  in  only  seven  does  the  pyritic  sulphur  content  exceed  the 
organic  sulphur  content.  Organic  sulphur,  which  is  often  considered 
as  constituting  a  negligible  percentage  of  the  total  sulphur  of  coal, 
exceeds  the  pyritic  sulphur  in  twenty-three  samples  out  of  the  thirty 
collected  in  this  mine.  In  the  No.  8  mine  of  this  company,  the  coal 
is  higher  in  organic  than  in  pyritic  sulphur  in  five  of  the  eight  samples 
collected.  Of  sixty-six  regular  bench  samples  collected  in  the  Middle- 
fork  mine,  twenty-one  carried  more  organic  than  pyritic  sulphur. 

The  total  sulphur  in  the  average  for  the  No.  7  mine  is  distributed 
between  the  pyritic  and  organic  forms  as  follows : 

Per  cent 

Pyritic   sulphur    47.3 

Organic    sulphur    52.7 

Sulphate  sulphur    Trace 
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For  the  average  of  the  samples  collected  in  No.  8  mine  the  proportions 

are: 

Per  cent 

Pyritic   sulphur    47.7 

Organic    sulphur     52.3 

Sulphate   sulphur    Trace 

At  the  Middlefork  mine  the  distribution  is  as  follows: 

Per   cent 

Pyritic    sulphur    60.5 

Organic    sulphur     .'!9.5 

Sulphate   sulphur    Trace 

The  sulphate  sulphur  content  of  the  coal  from  each  of  these  mines 
is  less  than  0.02  per  cent  in  the  freshly  mined  samples. 

The  graphs  of  Figs.  14,  15,  16,  and  17  were  plotted  to  show  any 
possible  relation  that  might  exist  in  the  occurrence  of  pyritic  and 
of  organic  sulphur.  The  pyritic  sulphur  values  were  plotted  as  ab- 
scissae and  per  cent  organic  sulphur  as  ordinates,     Fig.   14,  repre- 
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Fig.   14.     Relation  of  Pyritic  and  Organic  Sulphur   in  the  North 
Half  of  Middlefork  Mine 


senting  the  samples  taken  in  the  north  side  of  the  Middlefork  mine, 
shows  a  general  tendency  toward  lower  organic  sulphur  in  the  samples 
high  in  pyrite.  The  other  graphs,  however,  show  no  definite  tendency 
either  way  in  the  other  half  of  this  mine  or  in  the  other  two  mines 
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Fig.   15.     Relation  of  Pyritic  and  Organic  Sulphur  in   the  South 
Half  of  Middlefork  Mine 
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examined.  On  the  whole  the  data  secured  cannot  be  interpreted  as 
showing  any  definite  relationship  between  organic  sulphur  and  pyritic 
sulphur. 


1 


I 


3 

2 

A.t 

< 

o 

o 

0 

o 

o 

/ 

*fi 

/ 


2  3  4  S  e  7 

Pc/rlftc  Sv/p/?vr  //?  Per  Cenf 

Fig.  17.     Relation  op  Pyritic  and  Organic  Sulphur  in  Mine  No.  8, 
West  Kentucky  Coal  Co. 


In  order  to  secure  additional  data  on  the  possible  relation  of 
organic  sulphur  to  pyritic  sulphur,  a  number  of  special  samples  were 
taken  of  coal  immediately  surrounding  or  interbedded  with  bands  or 
cat-faces  of  pyrite.  These  samples  were  found  to  be  about  average 
or  below  the  average  in  organic  sulphur  content.  There  is  no  evidence 
of  a  concentration  of  organic  sulphur  in  the  coal  immediately  adjacent 
to  pyrite  inclusions.  Description  and  analyses  of  these  samples  are 
given  in  Table  7. 
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15.  Forms  of  Sulphur  in  Raw  and  Washed  Coals. — It  is  evident 
that  if  organic  sulphur  segregates  with  or  is  concentrated  around 
pieces  of  pyrite,  bone-coal,  or  shale,  which  are  all  of  higher  specific 
gravity  than  the  coal  itself,  it  will  be  removed  along  with  these  im- 
purities as  the  refuse  in  the  washing  operation.  On  the  other  hand, 
if  the  occurrence  of  organic  sulphur  is  independent  of  the  distribution 
of  these  impurities,  their  separation  should  not  greatly  affect  the 
amount  of  organic  sulphur  found  in  the  washed  coal,  except  as  a  slight 
increase  due  to  the  removal  of  non-coal  impurities,  inorganic  in  nature 
and  containing  no  organic  sulphur.  This  increase  in  the  organic 
sulphur  content  of  the  washed  coal  would  of  course  be  dependent 
upon  the  amount  of  inorganic  impurities  removed,  and  only  in  un- 
usual cases  would  the  increase  be  appreciable. 

In  order  to  obtain  data  on  this  question  and  on  the  forms  of 
sulphur  in  raw  and  washed  coal,  seven  samples  of  run  of  mine  raw 
coal  were  obtained  at  the  Middlefork  mine,  in  addition  to  the  face 
samples  collected  in  the  mine.  Each  raw  coal  sample  represents  a 
day's  production  for  the  mine,  which  varies  between  2400  and  2800 
tons.  A  sample  of  washed  coal  representing  one  day's  operation  of 
the  washery,  on  an  average  day,  was  secured  for  the  purpose  of  com- 
paring the  forms  of  sulphur  present  in  the  raw  and  the  washed  coal. 
Table  8  shows  the  forms  of  sulphur  present  in  the  raw  and  the  washed 
coal  from  the  Middlefork  mine  and  washery,  together  with  the  average 
for  the  face  samples  collected  in  the  mine. 

Table  8  shows  the  average  sulphur  values  for  about  17  500  tons  of 
coal  representing  seven  days'  production.    The  sulphur  content  varies 


Table  8 

Forms  of  Sulphur  in  Raw  and  Washed  Coals  from  the  Middlefork  Mine 

Values  given  in  table  in  per  cent,  on  a  moisture-free  basis 


Sample  No. 

Total  Sulphur 

Pyritic  Sulphur 

Organic  Sulphur 

72  Raw  Coal 

3.68 
3.20 
3.22 
3.59 
3.33 
3.27 
2  77 
3.29 
3.30 
2.25 
13 .  45 

2.42 
1.90 
1  99 
2.07 
l."93 
2.08 
1.55 
1.99 
1.94 
0.92 

1.26 

73  Raw  Coal 

1   30 

74  Raw  Coal 

1   23 

75  Raw  Coal 

1.52 

76  Raw  Coal 

77  Raw  Coal 

78  Raw  Coal 

Average  for  raw  coal 

1.40 
1.19 
1.22 
1.30 

Average  of  face  samples  for  mine    

Washed  coal 

1.38 
1  33 
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from  day  to  day,  but  the  monthly  average  for  total  sulphur  is  about  3.25 
per  cent.  The  average  of  samples  72  and  78  inclusive,  here  shown  as 
3.29  per  cent  sulphur,  therefore  represents  closely  the  average  produc- 
tion of  the  mine  for  total  sulphur.  Attention  is  directed  to  the  com- 
parison of  the  average  values  for  the  different  forms  of  sulphur  in  the 
run  of  mine  coal  with  the  average  for  the  sectional  face  samples  col- 
lected in  the  mine.  For  total  sulphur  the  values  are  3.29  and  3.30  per 
cent,  for  pyritic  sulphur  1.99  and  1.94  per  cent,  and  for  organic 
sulphur  1.30  and  1.38  per  cent,  respectively.  This  indicates  that  the 
sectional  face  samples  collected  in  the  mine  are,  as  a  whole,  repre- 
sentative of  the  mine  production. 

It  is  interesting  to  note  that  the  values  for  organic  sulphur  in 
the  run  of  mine  raw  coal,  and  in  the  sample  washed  coal,  are  nearly 
identical;  namely,  1.30  per  cent  for  the  raw  coal  and  1.33  per  cent 
for  the  washed  coal.  These  figures  are  shown  in  Table  8  given  above. 
Though  the  washed  coal  sample  does  not  necessarily  represent  the 
product  obtained  by  washing  the  identical  coal  of  the  run  of  mine 
samples,  these  figures  must  be  taken  to  show  that  little  or  no  organic 
sulphur  is  removed  by  the  washing  process. 

Similar  data*  have  been  secured  as  to  the  effect  of  washing  on 
forms  and  distribution  of  sulphur  on  two  other  coals.  Table  9  shows 
the  results  for  a  coal  from  White  County,  Tennessee,  and  for  samples 
representing  a  day's  run  at  a  1200  ton  commercial  washery  in 
Williamson  County,  Illinois.  The  five  washed  coals  are  the  various 
trade  sizes  produced  at  this  washery. 

Table  9 
Forms  of  Sulphur  in  Raw  and  Washed  Coals 

Values  given  in  table  in  per  cent,  0:1  a  moisture-free  basis 


Source  and  Grade  of  Coal 


White  County,  Tennessee: 

Raw  coal 

Table-washed  coal 

Jig-washed  coal 

Williamson  County,  Illinois 

Raw  coal 

No.  1  washed  coal 

No.  2  washed  coal 

No.  3  washed  coal 

No.  4  washed  coal 

No.  5  washed  coal 


Total 
Sulphur 


4.87 
3.02 
3.80 

1.83 
1  81 
1.56 
1  .  57 
1.57 
2 .  33 


Pyritic 
Sulphur 


3.59 
1.84 
2.61 

1.04 
1.05 
0.7S 
0.82 
0.81 
1.57 


Sulphate 

Sulphur 


Trace 


Organic- 
Sulphur 


0.11  1.17 
than  0.01  1.18 
1.19 


0.79 

0  76 

0  7s 
(i  75 
11  76 
0  76 


*  Fraser  and  Yancey,  Am.  Inst.  Min.  Eng.,  Bui,  if>3,  1822,  1919. 
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These  results  indicate  that  only  pyritic  and  sulphate  sulphur 
are  removed  by  washing.  Iron  sulphate  resulting  from  the  oxidation 
of  pyrite  is  soluble  in  the  wash  water.  Gypsum  occurring  in  thin 
plates  is  difficult  to  separate  with  the  refuse.  Prom  these  considera- 
tions it  is  believed  that  the  sulphate  sulphur  of  the  White  County. 
Tennessee,  raw  coal  resulted  from  the  oxidation  of  pyrite,  rather  than 
from  the  presence  of  calcium  sulphate,  since  sulphate  sulphur  is 
almost  entirely  absent  in  the  clean  washed  coal. 

An  inspection  of  Tables  8  and  9  indicates  that  organic  sulphur 
is  distributed  more  or  less  uniformly  through  the  coal  substance  and 
that  it  is  not  concentrated  with  or  around  the  pyrite  or  shale  deposits, 
or  other  heavy  material  which  is  removed  by  coal  dressing  processes 
such  as  washing.  The  values  for  organic  sulphur  in  the  washed  coal 
agree  quite  closely  with  the  organic  sulphur  content  of  the  corre- 
sponding raw  coal.  There  is.no  marked  evidence  of  noticeably  higher 
values  for  this  sulphur  form  in  the  washed  products  than  in  the 
raw  coals,  because  none  of  the  three  coals  listed  in  the  tables  ran 
abnormally  high  in  non-coal  impurities,  the  removal  of  which  would 
cause  an  appreciable  concentration  of  organic  sulphur  in  the  washed 
coal.  Because  of  the  presence  of  large  amounts  of  such  impurities 
in  the  raw  coal,  washed  coal  sometimes  contains  a  higher  percentage  of 
total  sulphur  than  the  original  raw  coal. 

In  estimating  the  washability  of  a  coal  the  organic  sulphur  con- 
tent is  an  important  consideration.  The  chief  value  in  experimental 
coal  washing  of  the  determination  of  this  constituent  lies  in  finding 
a  value  below  which  there  can  be  no  reduction  of  sulphur  content  by 
mechanical  processes  of  separation.  For  example,  if  the  coal  from  a 
given  mine  averages  two  per  cent  total  sulphur  and  one  per  cent 
organic  sulphur,  it  would  of  course  be  impossible  to  secure  a  washed 
product  carrying  less  than  one  per  cent  sulphur.  Although  this  is  a 
self  evident  fact,  it  is  of  such  importance  in  determining  the  wash- 
ability  of  a  coal  that  attention  is  directed  to  it.  Furthermore,  in  all 
coals  a  part  of  the  pyritic  sulphur  will  remain  in  the  washed  coal, 
the  amount  depending,  as  has  already  been  pointed  out,  upon  the 
physical  form  in  which  the  pyrite  occurs  in  that  particular  coal.  Thus 
in  every  case  the  minimum  sulphur  content  that  may  be  obtained  in 
the  clean  coal  is  well  above  the  organic  sulphur  content  of  the  raw 
coal.  All  the  pyrite  occurring  in  the  form  of  microscopic  particles, 
and  a  large  part  of  that  included  under  the  classification  "fine  dis- 


THE  DISTRIBUTION  OF  THE  FORMS  OF  SULPHUR  IN  THE  COAL  BED      53 


1  « 

8  * 

9 

2  | 

l>     2 


B 

n 


O 

« 

O 

Q 


0»  si 


*OON*«5a«5NO 


■'OOC^O-'CO 


NWOhOhOmOO 


W*OrHHMHMCO 


OJ   O  <<   c 

.,  S_o   •   •   .       ■  «  2 


C3 

ro 


■^&u* 


& 


6  «   :,9  a""1*  >>6 


2d   - 
<SOd 


F3l5:3E  2  g  *>  os  <S 


M  CO 

3  --^ 

-a  o 

a  cn 

>-t  as 


O 


— 

r/; 

si 

ttfl 

H 

a 

a 

w 

■a 

h 

~ 

>>  _r 

s  * 

SB  ■<" 


54  ILLINOIS  ENGINEERING   EXPERIMENT  STATION 

seminated  pyrite,"  is  not  removable,  and  for  practical  purposes  in 
connection  with  coal  washing  may  be  considered  as  fixed  sulphur. 

16.  Organic  Sulphur  in  Various  Coals. — The  relatively  high 
proportion  of  sulphur  occurring  in  the  organic  form  in  many  coals 
has  not  been  generally  recognized.  Table  10  shows  the  total,  pyritic, 
and  organic  sulphur  values  for  a  number  of  well  known  coals  rep- 
resenting both  Eastern  and  Central  District  fields.  For  each  coal  the 
percentage  of  the  total  sulphur  in  organic  combination  is  tabulated. 
It  will  be  noted  that  the  percentage  of  the  total  sulphur  present  as 
organic  sulphur  varies  from  20.4  per  cent  in  a  coal  from  Clearfield 
County,  Pennsylvania,  to  83.7  per  cent  in  a  coal  from  McDowell 
County,  West  Virginia. 

17.  Microscopic  Pyrite. — At  the  Middlefork  mine  six  samples  of 
coal  were  taken  for  the  examination  of  the  microscopic  pyritic  sulphur. 

The  thin  cross-section  and  photographs  of  these  samples  were  made 
at  the  Pittsburgh  Station  of  the  Bureau  of  Mines  by  Dr.  Reinhardt 
Thiessen,  Microscopist  of  the  Bureau  of  Mines,  who  has  made  a  study  of 
the  microscopic  forms  of  sulphur  in  various  Eastern  and  Central  District 
coals.*  All  of  the  coals  that  he  examined  were  found  to  contain  vary- 
ing amounts  of  sulphur  in  the  form  of  very  small  globules  or  particles 
of  pyrite.  ' '  These  particles  are  seen  in  thin  section  as  roughly  rounded 
opaque  dots.  When  isolated,  they  are  generally  shown  to  be  roughly 
spherical  in  shape  with  a  rough  outer  surface.  They  vary  in  diameter 
from  a  few  microns  to  a  hundred  micronst,  the  majority  measuring 
from  25  to  40  microns,  relatively  few  exceed  the  latter  diameter ;  they 
are  therefore  very  small  objects.  .  .  .  The  amount  of  pyrite  occurring 
in  this  form  varies  considerably  in  different  beds  from  which  coals 
have  been  examined,  and  also  in  different  samples  from  the  same 
bed,  or  even  in  different  parts  of  the  same  section.  A  section  without 
these  pyrite  particles  is  rarely  obtained.  So  far,  no  regularity  has 
been  discovered."  Photographs  of  the  thin  sections  made  from  the 
Middlefork  coal  samples  are  shown  in  Figs.  18  to  24.  The  photographs 
are  all  magnified  approximately  200  times.  The  microscopic  pyrite 
is  represented  by  black  areas,  more  or  less  circular  in  shape,  with  a 


*  Am.  Inst.  Min.  Ens.,   Bui.   153,   2431,    1919. 

t  A  micron    is  the   thousandth   part  of   a   millimeter   or  one   twenty-five   thousandth   of  an 


inch. 


r/ 


Fig.  18.     Microphotographs  of  Samples  of  Illinois  No.  6  Coal. 
Showing  Microscopic  Pyrite 


Fig.  19.     Microphotographs  of  (Samples  of  Illinois  No.  6  Coal, 
Showing  Microscopic   Pyrite 


Fig.  20.     Microphotogkaphs  of  Samples  of  Illinois  No.  6  Coal, 
Showing  Microscopic  Pyrite 


Fig.  21.     Microphotographs  of  Samples  of  Illinois  No.  6  Coal, 
Showing  Microscopic  Pyrite 


>1 


Fig.  22.     Microphotographs  of  Samples  of  Illinois  No.  6  Coal, 
Showing  Microscopic  Pyrite 


Fir,.  2.S.     Mickophotogkaphs  of  Samples  of  Illinois  No.  6  Coal, 
Showing  Microscopic  Pyrite 


41 


Fig.  24.     Microphotographs  of  Samples  of  Illinois  No.  <i  Coal, 
Showing  Microscopic  Pyrite 
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streak  on  one  or  more  sides.  The  streak  was  made  during  the  prep- 
aration of  the  thin  cross-section  and,  of  course,  is  not  originally  present 
in  the  coal.  The  photographs  are  cross-sections,  that  is,  they  are 
perpendicular  to  the  bedding. 

The  pj^rite  globules  vary  in  diameter  from  a  few  microns  to 
about  60  microns.  The  average  diameter  is  20  microns.  Since  the 
opening  in  a  100-mesh  standard  screen  is  147  microns  it  will  be  seen 
that  a  100-mesh  grain  of  coal  might  contain  a  considerable  number 
of  such  globules. 

Samples  of  the  top  and  middle  benches  of  the  coal  were  taken  for 
this  work.  Five  photographs  were  made  of  sections  of  the  top  coal. 
Two  of  these  photographs  are  included  here,  Figs.  18  and  19.  The 
top  coal  showed  less  microscopic  pyrite  than  any  of  the  samples  of 
middle  coal,  though  in  the  great  majority  of  cases,  it  is  higher  in  total 
and  pyritic  sulphur  than  the  middle  coal.  Either  the  samples  of  top 
coal  were  not  representative  of  this  condition,  or  a  smaller  amount  of 
the  pyritic  sulphur  of  the  top  coal  occurs  in  the  microscopic  form. 

The  middle  coal  shown  in  Figs.  20  and  21  was  taken  at  the  same 
location  as  the  top  coal.  The  face  at  this  location  was  not  visibly  higb 
in  sulphur.  Cat-faces  and  bands  and  veinlets  of  pyrite  were  not  un- 
usually numerous.  However,  samples  of  middle  coal  shown  in  Figs. 
22,  23,  and  24  were  taken  at  a  location  which  was  visibly  somewhat 
higher  in  pyrite,  and  the  photographs  show  this  condition  with  respect 
to  microscopic  pyrite.  The  average  for  this  location  is  represented 
in  Fig.  23. 
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V.     Summary  op  Conclusions 

A  study  of  the  data  given  in  this  bulletin  suggests  the  following 
summary  of  conclusions. 

18.  Distribution  of  Pyritic  Sulphur. — Extreme  irregularity  of 
distribution  is  characteristic  of  the  pyritic  sulphur  of  coal  in  the  bed. 

1.  The  irregularities  in  the  distribution  of  total  sulphur  are 
due  mainly  to  the  concentration  of  pyritic  sulphur  in  coarse 
bands  or  lenses. 

2.  Fine  disseminated  pyrite  is  much  more  uniformly  dis- 
tributed than  is  coarse  pyrite. 

3.  Microscopic  pyrite  was  found  in  all  the  samples  examined. 
The  amount  of  pyritic  sulphur  in  this  form  cannot  be  accurately 
determined  because  it  varies  widely  even  in  the  same  thin  section. 

19.  Distribution  of  Organic  Sulphur. — As  compared  with  the 
very  great  changes  in  pyritic  sulphur  content  the  vertical  distribution 
of  organic  sulphur  at  a  given  location  in  the  same  bed  is  quite  uni- 
form. The  results  of  this  investigation,  however,  would  indicate  that 
in  high  sulphur  coals  the  uniformity  of  organic  sulphur  distribution 
is  confined  to  very  limited  areas  in  the  bed,  and  that  taking  even  a 
single  mine  as  a  whole  the  variations  in  organic  sulphur  content  may 
be  considerable,  although  it  is  much  more  uniformly  distributed  than 
is  the  pyritic  sulphur.  In  low  sulphur  coals  the  variations  in  the 
distribution  of  organic  sulphur  are  less  and  the  values  obtained  for 
organic  sulphur  approach  uniformity,  even  for  considerable  areas. 

20.  Relation  of  Pyritic  and  Organic  Sulphur. — There  is  little 
evidence  of  a  definite  relationship  in  the  occurrence  of  organic  and 
pyritic  sulphur.  High  pyritic  sulphur  in  a  bench  or  section  of  a  bed 
is  not  indicative  of  a  correspondingly  high  organic  sulphur  content. 

The  proportion  of  the  total  sulphur  that  is  in  organic  combination 
in  various  coals  (Table  10)  varies  within  wide  limits.  In  low  sulphur 
coals  organic  sulphur  makes  up  a  greater  percentage  of  the  total  sul- 
phur content  than  it  does  in  high  sulphur  coals. 

Organic  sulphur  makes  up  a  greater  proportion  of  the  total  sul- 
phur content  of  coal  than  is  generally  recognized.     In  the  104  face 
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samples  taken  in  three  coal  beds,  organic  sulphur  exceeded  pyritic  in 

49  samples. 

< 

21.  Practical  Applications. — In  estimating  the  washability  of  a 
coal  the  organic  sulphur  content  is  an  important  consideration.  The 
chief  value  in  experimental  coal  washing  of  the  determination  of  this 
constituent  lies  in  finding  a  value  below  which  there  can  be  no  reduc- 
tion of  sulphur  content  by  mechanical  processes  of  separation,  since 
the  organic  sulphur  content  of  coal  is  not  reduced  by  such  methods. 
Furthermore,  in  all  coals  a  part  of  the  pyritic  sulphur  will  remain 
in  the  washed  coal,  the  amount  depending  upon  the  physical  form  in 
which  the  pyrite  occurs  in  that  particular  coal.  Thus  in  every  case 
the  minimum  sulphur  content  that  may  be  obtained  in  the  clean  coal  is 
well  above  the  organic  sulphur  content.  All  of  the  pyritic  sulphur  oc- 
curring in  the  form  of  microscopic  pyrite,  and  a  large  part  of  that 
included  under  the  classification  of  "fine  disseminated  pyrite,"  is  not 
removable,  and  for  practical  purposes  in  connection  with  coal  washing- 
may  be  considered  as  "fixed"  sulphur. 

The  organic  sulphur  content  of  some  coals  is  sufficiently  high  to 
limit  seriously  the  extent  to  which  these  coals  can  be  cleaned  of  sulphur 
by  washing. 

In  some  coal  beds  partial  concentration  of  the  pyritic  sulphur 
in  the  form  of  thick  bands  or  lenses  at  certain  definite  horizons 
makes  it  possible  to  clean  the  coal  by  selective  mining  or  hand-picking. 
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APPENDIX  I 

Tables  Showing  Forms  of  Sulphur  in  Sectional  Samples 

United  States  Fuel  Co.,  Middlefork  Mine,  Illinois,  No.  6  Bed.— The 
following  Tables  A  to  L  give  the  figures  for  total  sulphur,  organic 
sulphur,  total  pyritic  sulphur,  and  fine  disseminated  pyritic  sulphur 
in  the  sectional  samples  taken  at  the  Middlefork  mine  near  Benton, 
Illinois.  These  same  data  have  been  presented  graphically  in  Fig.  1, 
Charts  A,  B,  C,  D,  E,  and  F,  and  in  Fig.  2,  Charts  G,  H,  I,  J,  K,  and 
L,  lettered  to  correspond  with  the  designation  of  the  tables.  The  loca- 
tions at  which  the  samples  were  taken  in  the  mine  are  shown  by  corre- 
sponding letters  on  the  map,  Fig.  9.  Table  M  gives  the  weighted 
average  of  the  forms  of  sulphur  for  the  bed  at  the  various  locations  in 
the  Middlefork  mine.  Below  the  analyses  of  each  section  is  given, 
in  parentheses,  a  statement  of  the  visible  impurities  occurring  in  the 
section.  These  impurities  were  included  in  the  sample  except  where 
otherwise  specified. 
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Table  M 

Forms  op  Sulphur  in  Sectional  Samples 

Middlefork  Mine — Illinois  Bed  No.  6 

Average  of  Bed  for  Various  Locations 

Values  given  in  table  in  per  cent,  on  a  moisture-free  basis 


Section 

Location 

Total 
Sulphur 

Pyritic 
Sulphur 

Organic 
Sulphur 

Ash 

1 
2 
3 
4 
5 

10  N.,  1  W.  N. 

7  N.,  1  W.  N. 

4  N.,  1  W.  N. 
Main  North 
3  N.,  1  E.  N. 

3.88 
3.72 
4.82 
4.24 
4.08 

2.12 
1.82 
3.17 

2.88 
2.95 

1.76 
1.90 
1.65 
1.36 
1.27 

13.3 

11.1 
13.2 
11.6 
11.5 

Average     for 

North   Side 

4.15 

2.56 

1.59 

12.1 

6 

7 

8 

9 

10 

11 

12 

10  N.,  1  E.  S. 

5  S.,  1  E.  S. 

3  E.  S. 
Main  South 

5S.,  1  W.  S. 

7S.,  1  W.  S. 
10  N.,  1  W.  S. 

1 .  35 
2.07 
4.01 
3.28 
4.26 
2.20 
1 .  75 

0.66 
1.22 
2.15 
1.43 
2.57 
1.30 
0.93 

0.69 
0.85 
1.86 
1.85 
1.69 
0.90 
0.82 

8.3 
9  2 
11.4 

10.4 
11.6 
8.6 
8.2 

Average     for 

South  Side 

2.70 

1.46 

1.24 

9.7 

Average     for 

Mine 

3 .  30 

1.92 

1   38 

10  7 

West  Kentucky  Coal  Co.  No.  7  Mine,  Kentucky  No.  12  Bed.— 
Tables  N  to  S  inclusive  give  the  figures  for  the  forms  of  sulphur  in 
the  sectional  samples  taken  at  the  No.  7  mine  of  the  West  Kentucky 
Coal  Company.  Corresponding  letters  are  used  to  designate  the 
graphs  in  the  text.  Fig.  11,  N,  0,  P,  Q,  R,  and  S,  which  present  the 
same  data  and  designate  on  the  mine  map,  Fig.  12,  locations  at  which 
the  samples  were  taken.  Table  V  gives  the  weighted  average  of  the 
forms  of  sulphur  for  the  bed  at  the  various  locations  in  the  No.  7 
mine. 


West  Kentucky  No.  8  Mine,  Kentucky  No.  9  Coal.— Tables  T  and 
U  give  the  forms  of  sulphur  in  the  sectional  samples  taken  in  the  No.  8 
mine  of  the  West  Kentucky  Coal  Co.  Fig.  13,  T  and  U,  show  the 
same  data  in  graphical  form. 
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APPENDIX   II 

Sink  and  Float  Tests 

Sink  and  Float  Tests  on  Bench  Samples. — Tables  11,  12,  and 
13  give  the  results  of  sink  and  float  tests  on  the  samples  taken  at  two 
places  in  the  No.  7  mine,  two  places  in  the  No.  8  mine,  and  four  places 
in  the  Middlefork  mine.  A  zinc  chloride  solution  of  a  specific  gravity 
of  1.40  was  used  and  the  samples  were  crushed  to  ^-in.  maximum  size. 

This  test  is  often  used  as  a  preliminary  washing  test.  The  pro- 
portion of  float  coal  and  its  ash  and  sulphur  content  give  a  general 
indication  of  what  may  be  recovered  as  washed  coal.  The  sink  and 
float  test  gives  a  more  perfect  gravity  separation  than  the  commercial 
coal  washing  methods.  For  that  reason  washing  can  not  be  expected 
to  result  in  both  as  high  recovery  of  washed  coal  and  as  great  a  re- 
duction in  impurities  as  the  sink  and  float  test.  It  approaches  these 
results  more  or  less  closely,  depending  upon  the  efficiency  and  suitabil- 
ity of  the  process  used. 

A  solution  of  1.35  specific  gravity  is  more  commonly  used  for 
this  test,  but  this  is  varied  to  suit  the  characteristics  of  the  coal.  In 
this  case  a  solution  of  1.35  specific  gravity  gave  an  unwarrantably 
high  proportion  of  sink.  The  specific  gravity  of  two  representative 
100-gm.  samples  of  this  coal  from  the  No.  7  mine,  determined  by  a 
volumetric  method,  were  1.319  and  1.313.  The  specific  gravity  of  a 
composite  sample  of  the  Middlefork  coal  including  all  samples  on 
which  sink  and  float  tests  were  made  was  1.325.  A  solution  of  1.35 
specific  gravity  was  considered  too  close  to  this  figure  to  be  suitable 
for  the  sink  and  float  test. 

The  float  coal  of  sample  20  from  the  No.  7  mine  was  considerably 
higher  in  sulphur  content  than  the  raw  coal;  this  is  explained  by 
the  fact  that  the  sample  contained  a  large  amount  of  ash  in  the 
form  of  coarse  shale  bands.  The  sink  and  float  test  therefore  re- 
sulted in  the  removal  of  a  large  amount  of  heavy  inorganic  matter 
which  was  low  in  sulphur,  leaving  the  sulphur  concentrated  in  the 
float  coal.  The  sink  amounted  to  46.6  per  cent  of  the  sample  and 
carried  only  0.66  per  cent  sulphur,  while  the  sulphur  content  of 
raw  coal  was  0.97  per  cent.  Similar  results  are  sometimes  secured  in 
coal  washing  practice  for  the  same  reason. 
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A  STUDY  OF  THE  EFFECT  OF  MOISTURE  CONTENT 

UPON  THE  EXPANSION  AND  CONTRACTION  OF 

PLAIN  AND  REINFORCED   CONCRETE* 


I.     Introduction 

1.  Object  of  Investigation. — While  the  properties  of  concrete 
have  been  investigated  for  many  years,  attention  has  largely  been 
given  to  considerations  of  strength  alone.  Studies  of  the  less  im- 
portant properties,  however,  are  also  needed  to  explain  phenomena 
that  are  observed  in  reinforced  concrete  structures,  and  to  give  infor- 
mation on  questions  relating  to  the  appearance  and  durability  of  the 
material. 

Aside  from  the  action  of  direct  load,  deformations  are  produced 
in  concrete  by  changes  in  temperature  and  in  moisture  content.  With 
reference  to  temperature  changes  in  reinforced  concrete,  it  is  well 
known  that,  regardless  of  differences  in  the  mixture,  concrete  has 
practically  the  same  coefficient  of  expansion  as  steel,  so  that  the  two 
materials  contract  or  expand  together.  Moisture  content,  on  the  other 
hand,  has  the  undesirable  property  of  affecting  concrete  alone.  Con- 
crete, like  wood,  clay,  and  some  other  materials,  expands  when  it 
absorbs  moisture  and  contracts  when  it  is  dried;  steel  has  no  such 
action.  After  the  concrete  is  poured  the  steel  remains  unchanged  with 
changes  in  moisture  conditions,  while  concrete  ordinarily  shrinks  a 
considerable  amount.  Aside  from  the  stresses  set  up  in  steel  and 
concrete  by  the  shrinkage  of  the  latter,  the  resulting  formation  of 
cracks  large  or  small  will  produce  a  condition  which  may  be  favorable 
to  the  corrosion  of  the  steel  or  the  disintegration  of  the  concrete  after 
repeated  changes  from  dry  to  wet  condition. 

*  This  bulletin  contains  some  of  the  results  of  experiments  made  by  T.  Matsnmoto.  a 
graduate  student  in  Theoretical  and  Applied  Mechanics  at  the  University  of  Illinois,  in  1918. 
Owing  to  his  years  of  experience  as  an  engineer  on  harbor  works  on  the  Island  of  Formosa, 
he  was  particularly  interested  in  the  question  of  the  durability  of  concrete  exposed  to  sea 
air  and  to  the  conditions  found  in  a  tropical  climate.  It  is  felt,  however,  that  the  results 
obtained  apply  to  our  ordinary  conditions  and  may  have  many  practical  applications.  The 
papei  has  therefore  been  revised  by  members  of  the  Department  of  Theoretical  and  Applied 
Mechanics  and  prepared  in  form  for  publication  asi  a  bulletin  of  the  Engineering  Experiment 
Station. 
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The  tests  which  are  described  were  made  to  investigate  the  amount 
of  shrinkage  which  may  be  expected  in  a  mortar  or  a  concrete,  the 
relation  between  the  change  of  moisture  content  and  the  change  of 
length  of  these  materials,  the  difference  in  shrinkage  of  plain  and 
reinforced  concrete,  and  the  internal  stresses  set  up  in  the  latter.  For 
purposes  of  comparison  with  the  results  obtained  with  concrete,  a  few 
tests  were  made  on  the  effecl  of  the  absorption  of  water  by  sandstone 
and  limestone. 

2.  Acknowledgments. — The  work  reported  in  this  bulletin  was 
done  in  the  Laboratory  of  Applied  Mechanics  of  the  University  of 
Illinois.  Acknowledgment  is  made  to  Professor  Arthur  N.  Talbot, 
Professor  II.  P.  Gonnerman,  and  others,  for  helpful  suggestions  and 
aid. 
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IT.     Materials  Used  in  Test  Specimens 

3.  Materials. — The  materials  used  in  making  the  concrete  test 
pieces  were  all  of  good  quality.  Universal  portland  cement,  which 
passed  the  specifications  of  the  American  Society  for  Testing  Materials 
as  to  fineness,  soundness,  tensile  strength,  and  other  qualities,  was  used. 
The  fine  aggregate  was  a  well  graded  sand  from  Attica,  Indiana.  An 
average  mechanical  analysis  from  ten  samples  of  the  material  is 
given  in  Table  1.  The  specific  gravity  of  the  sand  was  2.69.  The 
weight  per  cu.  ft.  when  tamped  into  the  mold  with  a  rod  was  111  lb., 
from  which  the  voids  in  the  dry  material  were  estimated  to  be  34  per 
cent. 

The  coarse  aggregate  was  gravel  from  Attica,  Indiana.    It  was  all 


screened  to  a  size  between  V. 


and  !/2  in. 


larger  sizes  were  not  used 


because  of  the  small  dimensions  of  some  of  the  test  pieces.  The  gravel 
consisted  of  well  rounded  pebbles  having  a  specific  gravity  of  2.71;  its 
weight  per  cu.  ft.  was  about  97  lb.,  making  the  voids  in  the  coarse 
aggregate  about  42  per  cent.  The  steel  used  in  the  reinforced  concrete 
test  pieces  consisted  of  plain  round  mild  steel  bars.  In  none  of  the 
tests  did  the  measured  stress  in  I  he  steel  approach  the  elastic  limit  of 
the  material. 


Table  1 
Mechanical  Analysis  of  Sand 


Sieve 

No. 

Sieve  Opening 
in  Ini 

Per 

THE 

Cent  Passing 

Gi\  i  s   Sieve 

3 

0 .  203 

98.6 

4 

0.185 

95  3 

8 

(1    OltL' 

71.4 

14 

0.046 

42.3 

28 

0.0232 

18.0 

48 

0.01  Hi 

7.1 

100 

0.0058 

2.6 
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All  concrete  was  hand  mixed,  and  each  test  piece  was  made  from 
a  separate  batch  of  material.  Since  the  size  of  the  test  pieces  and  the 
conditions  of  their  storage  varied  greatly  in  the  different  tests,  these 
details  will  be  noted  in  the  descriptions  of  the  several  sets  of  tests. 
In  the  various  mortars  and  concretes  used,  the  proportions  of  the 
ingredients  are  given  by  volume. 

4.  The  Coefficient  of  Expansion  of  Mortar  and  Concrete. — The 
coefficient  of  expansion  of  mortar  and  concrete  was  measured  for  use 
in  making  a  temperature  correction  of  measurements.  It  was  ob- 
tained from  perfectly  dried  specimens  only,  so  that  there  was  no  error 
due  to  the  change  in  length  with  a  change  in  moisture  content  of  a 
specimen.  The  measurement  of  length  was  made  by  the  use  of  a  Berry 
strain  gage,  .and  the  temperature  was  measured  by  a  thermometer 
which  was  so  placed  among  the  test  pieces  that  radiation  of  heat  did 
not  affect  the  reading. 

The  results  obtained  indicate  that  the  coefficient  of  expansion  of 
mortar  and  concrete  is  practically  the  same  for  different  proportions 
and  ages,  provided  that  the  same  materials  are  used  in  all  mixtures. 
The  average  values  of  the  coefficient  of  expansion  of  1 : 1,  1 : 2,  and  1 : 3 
mortar,  and  1:1:2,  1:2:4,  and  1:3:6  concrete,  varied  from  0.0000050 
to  0.0000058  for  one  degree  Fahrenheit,  with  no  particular  variation 
with  the  age  or  with  the  richness  of  the  mixture. 
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III.     Effect  of  Moisture  Content  on  Length  of  Specimen 

5.  Cement  Mortar  and  Plain  Concrete. — Thirty  test  pieces,  2  by 
3  by  24  in.  in  size,  containing  2  steel  plugs  which  formed  a  20-in.  gage 
line,  were  made  of  1:1,  1:2,  and  1 : 3  mortar,  and  1:1:2,  1:2:4,  and 
1:3:6  concrete,  five  test  pieces  for  each  mixture.  One  day  after  the 
test  pieces  were  made  the  molds  were  taken  off,  and  initial  measure- 
ments of  the  length  and  weight  were  made.  All  test  pieces  were  then 
stored  in  a  damp  room  and  covered  with  double  sheets  of  burlap  which 
were  kept  wet.  The  measurements  of  length  were  made  with  a  Berry 
strain  gage  of  20-in.  gage  length,  using  as  a  standard  a  steel  bar  im- 
mersed in  water  of  known  temperature.  All  measurements  were  cor- 
rected for  the  effect  of  temperature  change.  Changes  in  weight  were 
taken  to  mean  gains  or  losses  in  moisture  content. 

After  60  days  of  damp  storage  all  tests  pieces  were  stored  in 
air  in  a  room  where  the  relative  humidity  varied  from  40  to  60  per 
cent  when  the  room  was  heated  by  steam.  As  soon  as  the  steam  heat- 
ing was  discontinued  with  the  advance  of  the  season  the  relative 
humidity  of  the  room  increased,  and  it  reached  90  per  cent  on  cloudy 
days;  whereupon  the  mortar  and  concrete  absorbed  moisture  from 
the  air  and  began  expanding  instead  of  contracting.  After  being 
kept  90  days  in  the  air  of  this  room  the  specimens  were  dried  for 
14  days  in  an  oven  at  a  temperature  of  150  deg.  F.,  and  then  for  15 
days  at  200  deg.  F.  The  amounts  of  change  of  moisture  and  length 
during  the  test  are  shown  in  Table  2  and  are  indicated  in  Figs.  1  and  2. 

As  may  be  seen  from  Fig.  1, 1 : 1  mortar  at  seventy  days  contracted 
0.025  per  cent,  notwithstanding  the  fact  that  it  contained  more 
moisture  than  its  initial  amount.  From  this  phenomenon  it  can  be 
concluded  that  the  water  which  goes  into  the  concrete  may  exist  in 
two  different  ways,  either  combined  with  cement  in  a  chemical  com- 
pound or  remaining  in  a  state  which  affects  the  volume  of  the  concrete. 
It  also  appears  that  concrete  in  which  the  total  moisture  content  is 
kept  constant  for  some  length  of  time  is  liable  to  contract  slightly. 
This  slight  contraction  was  observed  on  several  occasions  during  the 
test.     It  follows  that  the  absolute  amount  of  contraction  of  concrete 


10 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


O.OO/Z 

0.00/4 

0.00/6 

60  SO 

T//7?&  //?  D&c/s 

Fig.  1.     Change  in  Length  with  Change  in  Moisture  Content  of  Mortar 

due  to  drying  is  indeterminate,  because  it  depends  upon  the  age  of 
the  concrete  and  the  duration  of  the  drying  period.  Pigs.  1  and  2  show 
that  in  general  these  specimens  of  mortar  and  concrete  expanded 
when  they  were  kept  wet.  The  richer  mixtures  absorb  more  water  and 
consequently  expand  more  than  the  leaner  ones.  Mortar  and  concrete 
lose  moisture  rapidly  when  placed  in  dry  air  and  the  loss  is  more 
rapid  in  lean  mixtures  than  in  rich  ones.  In  air  storage  the  shrinkage 
is  greater  for  mortar  than  for  concrete,  and  with  artificial  drying  the 
shrinkage  is  greater  for  the  richer  mixtures. 
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60  SO 

T/me  //?  Days 


/OO 


/20 


/40 


Fig.  2.    Change  in  Length  with  Change  in  Moisture  Content  of  Concrete 


For  the  specimens  tested,  the  contraction  of  mortar  and  concrete 

at  a  temperature  of  150  deg.  F.,  which  is  somewhat  higher  than  the 
highest  outdoor  temperature  in  summer  in  a  tropical  climate,  was 
0.12  per  cent  for  1 : 1  mortar,  0.10  per  cent  for  1 : 2  mortar,  0.09  per 
cent  for  1 : 3  mortar,  0.07  per  cent  for  1:1:2  concrete,  0.06  per  cent 
for  1:2:4  coucrete,  and  0.06  per  ceut  for  1:3:6  concrete.  The  amount 
of  expansion  when  specimens  were  kept  wet  reached  0.012  per  cent  in 
1 : 1  mortar,  and  0.002  per  cent  in  1:3:6  concrete,  at  the  end  of  60 
days.  Judging  from  these  tests,  shrinkage  of  concrete  in  a  structure 
freely  exposed  to  the  air  may  be  as  much  as  0.05  per  cent  in  a  1:2:4 
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concrete.*  In  a  structure  such  as  a  retaining  wall  or  a  road  pavement, 
where  one  side  of  the  structure  is  against  a  mass  of  earth,  the  shrinkage 
should  be  considerably  less. 

In  a  second  set  of  tests  twenty-four  test  pieces,  having  the  same 
size  and  form  as  those  in  the  tests  previously  described,  were  prepared 
from  the  same  materials,  half  of  mortar  with  the  proportions  of  1:2, 
and  half  of  concrete  with  the  proportions  of  1:2:4.     The  test  pieces 


1-2-4-  Grai/e/  Concrete 


Cured  under  we  A  nc/r/a/p  for : 

7  days Zddays 

14  days     — ; 60  days 


3456789/0       1/ 

Lengrf/7  ofDrc//ny/  Period /r?  Days 


/2     /3 


Fig.  3. 


Loss  of  Moisture  from  Mortar  and  Concrete  when  Dried  at  150 
Deg.  F.  after  Preliminary  Storage  Noted  in  Diagram 


*  Quantitative  information   regarding  the   shrinkage  of  concrete  over  varying  periods   of 
time  has  been  reported  by  a  number  of  investigators,  among  whom  are  the  following: 

McMillan,   F.   R.      "Shrinkage   and   Time   Effects   in   Reinforced   Concrete."    Studies   in 

Engineering,  No.  3,  University  of  Minnesota,   1915. 
White,  A.  H.     "Destruction  of  Cement,  Mortars,  and  Concrete  Through  Expansion   and 

Contraction."  Proc.  A.  S.  T.  M.,  Vol.  XI,  1911. 
Nichols,    C.   S.   and  McCullough,   C.   B.      "The  Determination   of   Internal  Temperature 
Range  in  Concrete  Arch  Bridges."   Engineering  Experiment  Station,  Ames,   Iowa, 
Bui.  No.  30,  1913. 

Goldbeck,  A.  T.  "The  Expansion  and  Contraction  of  Concrete  While  Hardening,"  Proc. 
A.  S.  T.  M.,  Vol.  XI,  1911. 

Abrams,  D.  A.  "Effect  of  Fineness  of  Cement."  Structural  Materials  Research  Labor- 
atory, Lewis  Institute,  Chicago,  Bui.  No.  4,  1919. 
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Pig.    I.     Absorption  and  Corresponding  Expansion  of  Mortar  and 
Concrete  Immersed  in  Water 


were  stored  in  a  damp  room  and  covered  with  burlap  which  was  kept 
wet.  Three  specimens  of  each  kind  were  taken  out  of  the  storeroom 
when  they  had  hardened  7,  14,  28,  and  60  days,  respectively,  in  the 
damp  condition,  and  were  then  dried  in  an  oven  at  a  temperature  of 
150  deg.  F.  until  the  loss  of  weight  did  not  exceed  0.20  per  cent  during 
24  hours.  The  test  pieces  were  then  immersed  in  clean  water  in  a 
shallow  tank.    The  lengths  of  the  specimens  were  measured  by  a  20-in. 
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Berry  strain  gage  and  all  measurements  were  corrected  for  the  effect 
of  temperature  changes  in  the  instrument.  The  results  obtained  are 
shown  in  Figs.  3  and  4,  the  loss  in  moisture  being  given  in  terms  of 
weight  of  the  mortar  or  concrete.  The  mortar  weighed  from  140  to 
145  lb.  per  cu.  ft.,  and  the  concrete  weighed  from  145  to  155  lb.  per 
eu.  ft. 

From  Fig.  3  it  is  seen  that  the  rate  of  loss  of  moisture  in  mortar 
and  concrete  by  drying  decreases  with  the  age  of  the  specimen.  In 
the  mortar,  the  rate  of  loss  in  specimens  28  days  and  60  days  old,  re- 
spectively, becomes  nearly  the  same.  The  total  loss  in  moisture  in 
mortar  does  not  seem  to  be  greatly  different  from  that  in  concrete  at 
the  four  ages  used. 

A  number  of  significant  features  of  the  second  set  of  tests  are 
brought  out  in  Fig.  4 : 

(a)  Dry  mortar  and  concrete  expand  as  soon  as  they  absorb 
water. 

(b)  The  rate  of  absorption  upon  immersion  is  much  less  for 
the  older  specimens  during  the  first  two  or  three  days  of  immer- 
sion, although  the  total  amount  of  absorption  docs  not  change 
very  greatly  for  specimens  of  different  ages. 

(c)  The  rate  of  expansion  due  to  immersion  is  also  less  for 
the  older  specimens  during  the  first  two  or  three  days  of  immer- 
sion. For  longer  periods  of  time  the  amount  of  expansion  is  nearly 
the  same  for  all  ages  of  each  material;  but  in  every  case  the  ex- 
pansion is  considerably  greater  for  mortar  than  it  is  for  concrete. 

(d)  The  amount  of  the  expansion  of  mortar  and  concrete  is 
small  until  an  absorption  of  nearly  2  per  cent  is  reached.  After 
this  point  the  expansion  becomes  nearly  proportional  to  the  addi- 
tional absorption  of  moisture.  This  holds  true  until  a  sudden 
decrease  in  the  absorption  occurs  after  about  one  day's  immersion, 
beyond  which  point  additional  absorption  irives  a  greatly  in- 
creased expansion. 

(e)  The  absorption  of  moisture  by  mortar  or  concrete  is 
much  more  rapid  than  the  drying  out  of  moisture  from  the  same 
material.  As  a  result,  the  expansion  due  to  wetting  is  more  rapid 
than  the  contraction  produced  by  drying.  For  example,  a  mortar 
7  days  old  gained  as  much  moisture  in  2  hours'  immersion  as 
could  be  dried  out  by  heating  to  150  deg.  F.  for  24  hours. 


16 


ILLINOIS  ENGINEERING   EXPERIMENT   STATION 


Another  experiment  on  the  relation  between  absorption  of  mois- 
ture and  expansion  of  concrete  was  made  upon  two  specimens  of  1 : 2 : 4 
gravel  concrete  taken  from  a  floor  of  the  Western  Newspaper  Union 
Building  in  Chicago.  The  concrete  was  9  years  old.  The  sizes  of  the 
test  pieces  were  3.5  by  5  by  21  in.,  and  3.5  by  5  by  26  in.  The  speci- 
mens were  dried  for  13  days  in  an  oven  at  a  temperature  of  150  deg.  F. 
In  drying,  the  average  contraction  of  the  concrete  was  0.016  per  cent 
for  the  two  specimens.  After  immersion  in  water  for  15  days  the 
average  absorption  was  5.09  per  cent  and  the  resulting  expansion  0.042 
per  cent.    The  results  of  the  test  are  shown  in  Fig.  5. 

6.  Sandstone  and  Limestone. — For  comparison  with  the  behavior 
of  mortar  and  concrete,  a  few  tests  were  made  on  the  absorption  of 
water  by  stone.  The  specimens  used  were  sandstone  and  limestone 
which  had  nearly  the  same  porosity  as  the  mortar  and  concrete  tested. 
If  the  expansion  of  such  material  is  due  to  the  separation  of  particles, 
the  same  amount  of  expansion  might  be  expected  with  stones  of  the 
same  porosity. 
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Fig.  5.    Absorption  and  Corresponding  Expansion  of  Nine- Year-Old 
Concrete  Immersed  in  Water 
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Fig.  6.     Absorption  and  Corresponding  Expansion  op  Lake  Superior 
Eed  Sandstone  Immersed  in  Water 


Two  specimens  of  a  reddish  brown  sandstone  of  good  quality, 
obtained  from  the  Lake  Superior  region  for  use  in  the  construction 
of  a  University  building,  were  used  in  the  test.  The  sizes  of  the 
specimens  were  3  by  4  by  24  in.  and  3.5  by  4  by  25  in.  Both  pieces 
were  dried  for  6  days  in  an  oven  at  a  temperature  of  150  deg.  F. 
After  immersion  in  water  for  13  days,  the  average  absorption  for  the 
two  specimens  was  5.75  per  cent,  and  the  corresponding  expansion  was 
0.080  per  cent.  By  referring  to  Figs.  4  and  5  this  amount  of  expansion 
is  seen  to  be  much  greater  than  that  of  mortar  or  concrete  after  the 
same  period  of  immersion.    The  results  of  the  test  are  shown  in  Fig.  6. 

The  limestone  specimens  used  in  the  test  were  a  good  quality  of 
oolitic  limestone  of  the  kind  used  for  building  purposes,  commonly 
known  as  Bedford  Indiana  stone.  The  stone  has  a  porous  structure. 
The  two  test  pieces  were  3.5  by  3.7  by  11.1  in.,  and  3.5  by  4.75  by  12.5 
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in.  in  size.  The  first  specimen  was  dried  for  7  clays  in  an  oven  at  150 
deg.  F.,  with  consequent  loss  of  moisture,  due  to  the  drying,  of  1.04 
per  cent,  and  no  measurable  contraction.  The  second  specimen  was 
dried  for  11  days  in  an  oven  at  150  deg.  F.,  with  consequent  loss  of 
moisture  of  1.42  per  cent  and  no  measurable  contraction.  They  were 
I  hen  immersed  in  water.  Pig.  7  shows  that  after  an  immersion  of  6 
days  the  average  absorption  was  6.1  per  cent  with  practically  no  ex- 
pansion. 

The  very  rapid  absorption  and  the  lack  of  expansion  of  the  lime- 
stone are  in  decided  contrast  to  what  occurred  with  all  the  other 
materials  used.  The  behavior  of  the  limestone  throws  doubt  upon  the 
theory  that  moisture  entering  a  porous  substance  causes  an  expansion 
of  material  through  separation  of  the  particles. 
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IV.     Shrinkage  Stresses  in  Reinforced  Concrete 

7.  Analysis  of  Shrinkage  Stresses. — In  the  preceding  tests  on 
plain  concrete,  a  considerable  amount  of  information  was  obtained 
regarding  the  changes  in  length  corresponding  to  changes  in  moisture 
content.  It  is  desirable  to  know  how  such  information  can  be  applied 
to  the  action  of  reinforced  concrete  specimens.  It  is  known  that  there 
is  a  well  defined  difference  between  the  shrinkage  in  a  set  of  plain 
concrete  test  pieces,  and  that  in  a  set  of  reinforced  concrete  test 
pieces  made  from  the  same  materials.  This  difference  may  be  taken 
as  due  to  the  resistance  of  the  reinforcement  to  the  shrinkage  of  the 
concrete,  which  thus  produces  compressive  stress  in  the  steel  and  tensile 
stress  in  the  concrete.  It  has  been  found  possible  to  estimate  the 
actual  shrinkage  stresses,  both  in  steel  and  concrete,  l».\  comparison 
with  the  shrinkage  of  plain  concrete  under  similar  conditions. 

When  a  plain  concrete  prism  is  dried  out  in  air  all  particles  have 
a  tendency  to  move  toward  the  middle  of  the  prism,  thus  decreasing 
its  length  without  causing  cracks  unless  external  forces  resist  this 
tendency.  Consider  one  half  of  the  length  of  a  reinforced  concrete 
prism  as  shown  in  Fig.  8.  If  there  was  no  bond  resistance  between  the 
concrete  and  the  reinforcing  bar,  when  shrinkage  occurred  the  relative 
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Fig.  8.     Distribution  of  Shrinkage  Stresses  in  Keinforced  Concrete 

Specimen 
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displacement  of  concrete  particles  with  reference  to  the  reinforcement, 
would  be  maximum  at  the  end  of  the  prism  and  zero  at  the  center. 
Since  resistance  to  this  displacement  actually  is  offered  by  the  bond 
resistance  between  the  concrete  and  the  bar,  the  bond  stress  developed 
should  be  proportional  to  the  amount  of  the  tendency  toward  displace- 
ment. This  bond  stress  is,  therefore,  greatest  at  the  end  of  the  bar  and 
smallest  at  the  center.  If  there  is  no  slipping  of  the  bar,  a  fairly 
reasonable  assumption  is  that  the  bond  stress  varies  uniformly  from  a 
maximum  at  the  end  of  the  bar  to  zero  at  the  middle  of  the  length  of 
the  bar. 

The  following  notation  will  be  used : 

e  =  shrinkage  in  a  unit  length  of  plain  concrete ; 

el 
s  =       total  shrinkage  in  a  half-length  of  a  plain  concrete 

prism ; 
s'  =  total  shrinkage  in  a  half-length  of  a  reinforced  concrete 

prism ; 
I  =  length  of  the  prism; 

a  =  pA  =  cross-sectional  area  of  the  reinforcing  bar ; 
A  =  cross-sectional  area  of  the  prism ; 
o  =  circumference  of  the  bar ; 
u  =  maximum  bond  stress  at  the  end  of  the  bar ; 

Pu=  total  compressive  stress  in  bar  =  total  tensile  stress  in 

concrete,  at  any  section  y  distant  from  the  center ; 
E,  =  nEc  =  modulus  of  elasticity  of  steel ; 
Ee  =  modulus  of  elasticity  of  concrete. 

Since  the  total  compressive  stress  Py,  produced  at  any  section, 
must  equal  the  summation  of  the  bond  stresses  between  the  section 
and  the  end  of  the  bar,  it  follows  that  the  maximum  value  of  Py  occurs 

at  the  middle  of  the  bar  and  is  equal  to-r — .     At  any  other  point  the 

t: 

stress  Pv  is  given  by  the  expression 

^tKDI   (1) 

This  is  the  equation  of  a  parabola  with  its  vertex  at  the  center  of  the 
bar  as  shown  in  Fig.  8. 
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The  total  deformation  of  the  half-length  of  the  bar  is 
uol2 


12aE. 


(2) 


Since  the  total  stresses  in  steel  and  concrete  are  equal  in  amount 
at  any  section,  the  total  deformation  in  the  concrete  is 


s-s' 


2      Pvdy  f         uol2 


AEe(l-p)      112  AEc(l-p) 


(3) 


From  equations    (2)   and   (3),  disregarding  the  factor    (1-p),  the 
maximum  bond  stress  is  found  to  be 


6  eaE. 

ol  (1+wp) 

1.5  eaE, 


(4) 


The  total  stress  P  — 


l-\-np 


whence  the  maximum  compressive  unit  stress  /,  =  ~ .      (5) 

1  +  np 

and  the  maximum  tensile  unit  stress 

fc=^-  =  pL (6) 

The  shrinkage  stresses  in  the  steel  and  concrete  are  thus  seen  to 
be  directly  proportional  to  the  amount  of  shrinkage  in  plain  concrete. 
It  is  seen  that  the  stress  in  the  steel  decreases  and  the  stress  in  the 
concrete  increases  with  an  increase  in  the  percentage  of  reinforcement. 

It  must  be  remembered  that  equations  (5)  and  (6)  give  maximum 
st  resses ;  the  average  stresses  over  the  length  of  the  specimen  are  two- 
thirds  as  great.  In  the  following  experiments  gage  lengths  were 
used  which  were  five-sixths  and  five-twelfths  of  the  length  of  the  speci- 
men; in  these  cases  the  average  measured  stresses  should  be  77  per 
cent  and  94  per  cent,  respectively,  of  the  maximum  stress  at  the 
middle  of  the  bar. 

8.  Measurement  of  Shrinkage  Stresses  in  Reinforced  Concrete 
Specimens. — Two  sets  of  tests  were  made  for  the  purpose  of  measuring 


22 


ILLINOIS   ENGINEERING    EXPERIMENT   STATION 


the  shrinkage  stresses  in  reinforced  concrete  specimens.  For  the  first  set 
of  experiments  six  test  pieces,  2  by  3  by  24  in.  in  size,  were  prepared, 
two  of  them  being  of  plain  concrete,  two  having  two  %-in.  round  steel 
bars  (p  =  3.68  per  cent),  and  two  having  two  ^-in.  round  steel  bars 
(p  =  6.54  per  cent).  The  proportions  of  the  concrete  were  1:2:4. 
The  specimens  were  dried  in  the  air  of  a  room  for  22  days;  then  they 
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were  dried  in  an  oven  for  13  days  at  a  temperature  of  150  deg.  F. ; 
and  finally  they  were  dried  for  6  days  at  a  temperature  of  200  deg.  F. 

The  change  of  length  was  measured  on  a  20-in.  gage  line  between 
points  on  each  embedded  steel  bar  in  the  reinforced  concrete  test 
pieces,  and  between  points  on  steel  plugs  embedded  in  the  plain  con- 
crete test  pieces.  The  results,  which  were  very  uniform  in  companion 
specimens,  are  shown  in  Fig.  9.  The  measured  stresses  in  the  steel 
were  obtained  by  multiplying  the  measured  deformation  in  the  steel  by 
the  modulus  of  elasticity  of  steel ;  the  curves  marked  ' '  measured  stress 
in  concrete"  were  obtained  by  multiplying  the  measured  stress  in 
the  steel  by  the  percentage  of  reinforcement,  see  equation  (6),  and 
represent  the  average  stress  over  the  cross-section  of  the  concrete. 
The  calculated  stress  is  the  average  calculated  stress  over  the  20-in. 
gage  length,  or  77  per  cent  of  the  maximum  stress  given  by  equations 
(5)  and  (6). 

As  may  be  seen  from  Fig.  9,  even  reinforced  concrete  having  a 
very  high  percentage  of  reinforcement  contracts  rapidly  in  air.  When 
the  specimens  were  22  days  old  the  shrinkage  stress  in  the  concrete 
reached  166  lb.  per  sq.  in.  in  the  specimens  having  3.68  per  cent  rein- 
forcement, and  204  lb.  per  sq.  in.  in  the  specimens  having  6.54  per  cent 
reinforcement. 

The  same  specimens,  after  being  dried  13  days  longer  at  a  tem- 
perature of  150  deg.  F.,  developed  stresses  of  190  lb.  per  sq.  in.  and 
240  lb.  per  sq.  in.,  respectively,  which  nearly  correspond  to  the  ulti- 
mate tensile  strength  of  the  concrete.  Furthermore,  being  dried  at  a 
temperature  of  200  deg.  F.,  the  concrete  failed  in  tension  and  showed 
two  transverse  cracks  at  points  about  8  in.  from  each  end. 

This  last  case,  however,  may  not  be  representative,  because  there 
may  have  been  some  injury  to  the  texture  of  the  concrete  when  it  was 
heated  beyond  200  deg.  F.  But  the  fact  that  the  shrinkage  stress  in 
the  concrete  reached  170  to  200  lb.  per  sq.  in.  in  22  days,  in  the  air  of  a 
room,  may  be  sufficient  reason  for  concluding  that  cracks  will  eventu- 
ally be  formed  in  concrete  which  has  a  high  percentage  of  reinforce- 
ment. 

The  sudden  drop  of  the  shrinkage  stress  in  the  concrete  when 
heated  beyond  200  deg.  F.,  as  shown  in  Fig.  9,  indicates  injury  to  the 
concrete  at  this  temperature;  so  that  the  use  of  reinforced  concrete 
exposed  to  a  temperature  higher  than  200  deg.  F.  may  be  dangerous 
unless  proper  precautions  are  taken. 
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A  second  set  of  tests  was  made  in  which  smaller  percentages  of 
reinforcement  were  used.  The  size  of  the  test. pieces  was  6  by  6  by  24 
in.  and  they  were  made  of  1:2:4  concrete.  Deformations  were  meas- 
ured on  a  gage  length  of  10  in.  One  piece  was  made  without  rein- 
forcement, one  with  four  Y^-m.,  one  with  four  %-in.,  and  one  with 
four  y2-in.  round  steel  bars.  A  similar  set  of  test  pieces  was  made 
with  the  same  amount  of  reinforcement,  but  which  had  in  addition 
three  anchor-lugs  welded  to  each  end  of  the  reinforcing  bars  to 
guard  against  a  slipping  of  the  reinforcement  during  the  setting  of 
the  concrete ;  a  test  piece  of  plain  concrete  was  also  included  in  this 
set.    The  size  and  form  of  the  test  pieces  are  shown  in  Figs.  10  and  11. 

These  specimens  were  left  in  the  air  of  the  room  for  99  days.  They 
were  then  dried  in  an  oven  at  a  temperature  of  200  deg.  F.  The 
contraction  which  took  place  during  the  drying  and  the  measured 
shrinkage  stresses  in  both  steel  and  concrete  are  shown  in  Figs.  10,  11, 
and  12.  The  measured  stresses  in  steel  and  concrete  were  determined 
as  in  the  preceding  tests.  The  calculated  stress  is  the  average  calculated 
stress  over  the  10-in.  gage  length,  or  94  per  cent  of  the  stress  given  by 
equations  (5)  and  (6). 

In  the  case  of  the  plain  concrete,  the  results  of  the  two  sets  of 
tests  were  quite  uniform,  both  as  regards  the  loss  of  moisture  and 
the  resulting  contraction  during  setting  and  hardening.  The  differ- 
ence between  the  contraction  of  plain  concrete  specimens  and  those 
having  different  amounts  of  reinforcement  was  quite  regular  at  all 
conditions  of  storage,  and  is  very  instructive.  The  deformation  in 
the  reinforcing  bars  provided  with  lugs  was  greater  than  the  deforma- 
tion in  the  plain  bar.  This  indicates  that  slipping  of  the  bars  took 
place  with  the  latter  during  the  shrinking  of  the  concrete ;  the  shrink- 
age stress  is  seen  to  be  greater  in  reinforced  concrete  having  good 
anchorage  of  the  reinforcement.  In  general  some  slipping  must  be 
expected. 

The  measured  stress  in  the  steel  reached  18  000  lb.  per  sq.  in.  in 
the  specimen  having  reinforcement  of  0.55  per  cent,  and  the  stress 
in  the  concrete  reached  250  lb.  per  sq.  in.  in  the  specimen  having  rein- 
forcement of  2.18  per  cent.  This  stress  in  the  steel  exceeds  the 
accepted  working  stress  of  soft  steel  and  the  stress  in  the  concrete  is 
nearly  equal  to  the  ultimate  tensile  strength  of  concrete  of  this  kind. 

When  these  specimens  were  heated  above  200  deg.  F.  these 
stresses  both  in  concrete  and  steel  suddenly  dropped  down,  probably 
due  to  injury  of  the  concrete  by  the  heat. 
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V.     Conclusion 

9.  Comments. — The  following  comments  are  offered ;  part  of  them 
relate  to  the  concrete  used  in  the  tests  and  part  are  inferences  based  on 
the  writer's  general  experience  and  observation  : 

1.  Concrete  expands  when  it  absorbs  moisture  and  contracts 
when  it  is  dried.  Concrete  of  a  1 :  2 : 4  mixture  is  likely  to  contract 
during  hardening  as  much  as  0.05  per  cent  in  an  ordinary  struc- 
ture. 

2.  Contraction  of  concrete  by  the  loss  of  moisture  causes 
stress  in  the  concrete  when  it  is  restrained  by  an  external  force. 
The  amount  of  this  stress  is  not  as  small  as  is  generally  supposed. 

3.  The  shrinkage  stress  caused  in  the  steel  in  reinforced  con- 
I    crete  may  reach  the  usually  accepted  working  stress  of  steel  when 

the  amount  of  reinforcement  is  less  than  1.5  per  cent. 

4.  The  shrinkage  stress  developed  in  1:2:4  concrete  may 
reach  the  ultimate  tensile  strength  of  the  concrete  when  the 
amount  of  reinforcement  is  greater  than  1.5  per  cent.  With 
richer  mixtures  the  increase  in  shrinkage  stress  may  be  relatively 
greater  than  the  increase  in  ultimate  strength. 

5.  The  greater  the  percentage  of  reinforcement  the  greater 
the  tensile  stress  that  may  develop  in  the  concrete,  and  concrete 
having  a  higher  percentage  of  reinforcement  than  1.5  per  cent  is 
likely  to  have  cracks  formed  unless  proper  provision  is  made. 

6.  In  reinforced  concrete  out  of  doors,  subject  to  alternate 
wet  and  dry  conditions,  cracks  may  readily  be  formed  under  the 
repeated  stress  which  is  nearly  equal  to  the  tensile  strength  of  the 
concrete. 

7.  Reinforced  concrete  does  not  appear  likely  to  be  a  durable 
material  in  a  place  where  a  corrosive  influence  on  steel,  such  as 
sea  air,  is  active,  unless  proper  protection  against  the  formation  of 
shrinkage  cracks  is  made. 

8.  It  is  suggested  that  the  prevention  of  shrinkage  stress  in 
concrete  might  be  accomplished  in  two  ways,  either  by  finding  a 
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cement  giving  less  expansion  and  contraction,  or  by  the  use  of  a 
perfect  waterproofing  treatment. 

9.  It  may  be  expected  that  an  integral  waterproofing  com- 
pound might  lessen  the  change  of  volume  for  a  short  time,  but  it 
would  not  prevent  the  final  diffusion  of  moisture  with  consequent 
change  in  volume. 
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"Bulletin  No.  109.  The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  Water 
through  a  Pipe,  by  R.  E.  Davis  and  H.  H.  Jordan ,  1918.   Twenty-five  cents. 

"Bulletin  No.  110.  Passenger  Train  Resistance,  by  E.  C.  Schmidt  and  H.  H. 
Dunn.    1918.    Twenty  cents. 

*  A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 
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* Bulletin  No.  111.  A  Study  of  the  Forms  in  which  Sulphur  Occurs  in  Coal,  by 
A.  R.  Powell  with  S.  W.  Parr.     1919.     Thirty  cents. 

*Bulletin  No.  112.  Report  of  Progress  in  Warm-Air  Furnace  Research,  by 
A.  C.  Willard.     1919.     Thirty-five  cents. 

'Bulletin  No.  113.  Panel  System  of  Coal  Mining.  A  Graphical  Study  of  Per 
centage  of  Extraction,  by  C.  M.  Young.     1919. 

* Bulletin  No.  114.     Corona  Discharge,  by  Earle   H.   Warner   with  Jakob  Kunz 

1919.  Seventy-five  cents. 

'Bulletin  No.  115.  The  Relation  between  the  Elastic  Strengths  of  Steel  in 
Tension,  Compression,  and  Shear,  by  F.  B.  Seely  and  W.  J.  Putnam.  1920. 
Twenty  cents. 

Bulletin  No.  116.     Bituminous  Coal  Storage  Practice,  by  H.  H.  Stoek,  C.  W. 
Hippard,  and  W.  D.  Langtry.     1920.     Seventy-five  cents. 

'Bulletin  No.  117.     Emissivity  of  Heat  from  Various  Surfaces,  by  V.  S.  Day. 

1920.  Twenty  cents. 

'Bulletin  No.  118.  Dissolved  Gases  in  Glass,  by  E.  W.  Washburn,  F.  F.  Footitt, 
and  E.  N.  Bunting.     1920.     Twenty  cents. 

'Bulletin  No.  119.  Some  Conditions  Affecting  the  Usefulness  of  Iron  Oxide  for 
City  Gas  Purification,  by  W.  A.  Dunkley.     1921. 

'Circular  No.  9.  The  Functions  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  by  C.  R.  Richards.     1921. 

'Bulletin  No.  120.  Investigation  of  Warm-Air  Furnaces  and  Heating  Systems. 
by  A.  C.  Willard,  A.  P.  Kratz,  and  V.  S.  Day.    1921.     Seventy-fivi   cents. 

'Bulletin  No.  121.  The  Volute  in  Architecture  and  Architectural  Decoration,  by 
Rexford  Newcomb.     1921.     Forty-five  cents. 

'Bulletin  No.  122.  The  Thermal  Conductivity  and  Diff  usivity  of  Concrete,  b.«- 
A.  P.  Carman  and  R.  A.  Nelson.     1921.     Twenty  cents. 

'Bulletin  No.  123.  Studies  on  Cooling  of  Fresh  Concrete  in  Freezing  Weather 
by  Tokujiro  Yoshida.     1921.     Thirty  cents. 

*  Bulletin  No.  124.  An  Investigation  of  the  Fatigue  of  Metals,  1>\  fl.  P.  Moore 
and  J.  B.  Kommers.     1921.     Ninety-five  cents. 

Bui  hi  in  No.  125.     The  Distribution  of  the  Forms  of  Sulphur  in  the  Coal  Bed. 
by  H.  F.  Yancey  and  Thomas  Fraser.     1921. 

'Bulletin  No.  126.  A  Study  of  the  Effect  of  Moisture  Content  upon  the  Ex- 
pansion   ;md    Contraction    of    Plain   and    Reinforced    Concrete,    by    T.    Matsumoto. 

1921.  Tier nl  it  cents. 
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